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ABSTRACT 
 Cropping systems that consist of corn (Zea mays L.)-corn or alternate year corn-soybean 
[Glycine max (L.) Merr.] rotations can degrade environmental resources due to increased 
susceptibility to topsoil erosion and nitrate (NO3) leaching. Winter annual crops such as winter 
canola (Brassica napus L.) and winter wheat (Triticum aestivum L.) can provide a positive 
environmental and economic impact when included in crop rotations. However, winter canola 
has not been shown to overwinter consistently in Iowa, and agronomic and economic 
considerations need to be addressed when relay intercropping soybeans with winter wheat 
production. The work presented in this thesis is an effort to assess the suitability of these two 
alternative crops in the conventional Iowa crop rotation of corn and soybean. Based on 
observations from in-field experiments, it is determined that interseeding winter canola into 
standing soybeans in early September will provide greater environmental services including, 
nitrogen accumulation and canopy cover, when compared to later seeding dates. However, 
successful overwintering of winter canola may still be limited by Iowa winter conditions and the 
cold tolerance of winter canola varieties. Early September seeded winter canola has the ability to 
accrue sufficient heat units for proper fall plant development before the onset of winter to 
potentially survive winter and produce yield. Therefore, we recommend that winter canola 
should be used with caution in Iowa cropping systems until winter canola variety cold tolerance 
is suitable to Iowa winter conditions, or is seeded in early September and receives adequate 
rainfall for proper germination and establishment. Furthermore, a decision case study created for 
this thesis provides students in Higher Learning, the opportunity to determine the management 
decisions, economics, and challenges involved with relay intercropping winter wheat and 
 ix 
soybean. Economic analyses determine that when proper precautions and agronomic 
considerations are taken, relay intercropping can lower input costs and increase profit. 
 1 
CHAPTER 1.    GENERAL INTRODUCTION 
Iowa and other parts of the upper Midwest provide much of the country and other parts of 
the world with valuable corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] commodity 
products. Currently, the cultivation of corn and soybean represents 43% and 33% of all 
agricultural land in the state of Iowa, respectively (USDA 2018). Cropping systems of both crops 
primarily consist of a monoculture or alternate year rotation that relies heavily on the usage of 
tillage and synthetic chemical and fertilizer applications (Wright and Lenssen, 2013). Although 
productive, these conventional cropping systems have led to increases in the degradation of 
environmental resources (Gilliom et al., 2006; Davis et al., 2012; Reis et al., 2016). Current 
monoculture or alternate-year rotations that only contain summer annual crops, e.g., corn and 
soybean, leave soil surfaces bare. Exposed topsoil increases the susceptibility to topsoil erosion 
and nutrient runoff from wind and water, reducing agricultural productivity (Fenton et al., 2005), 
and increasing economic damage (Pimental et al., 1995), and ecological harm (Uri, 2000). 
Estimates of topsoil loss due to wind and water erosive forces on agricultural land have exceeded 
75 tons ha-1 yr-1 on steeper slopes (Gelder et al., 2018). Likewise, the lack of active root systems 
after the harvest of summer annual crops poses threats to water and air quality from 
environmental losses of residual soil nitrogen (N) sources. Without N uptake from plant roots 
after summer annual crop harvest, mineralization processes of organic N to soluble nitrate (NO3) 
by soil microbial activity, positions NO3 to be readily lost from the cropping system (Kaspar et 
al., 2011). This asynchrony between the N uptake from summer annual crops and NO3 
availability from microbial activity accounts for approximately 55% of soil N losses in cropping 
systems (Martinez-Feria et al., 2018). Losses of N to groundwater resources attribute to 
eutrophication of aquatic systems and unsafe drinking water for people. Iowa water drainage 
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districts have recently been subject to lawsuits for the high NO3 loads entering downstream 
drinking water resources (Meinch, 2015).  
 Alternative crop rotations that include winter annual crops and winter cover crops have 
been investigated extensively to overcome the limitations associated with Iowa cropping systems 
(Davis et al., 2012; Kaspar and Bakker, 2015; Martinez-Feria et al., 2016; Appelgate et al., 2017; 
Gailans et al., 2017). Diverse rotations that include winter annual crops have enhanced 
ecological and agronomic sustainability by reducing disease incidence and severity, providing 
groundcover to suppress weeds and reduce soil erosion, and producing economically profitable 
yields (Davis et al., 2012).  
Previous research conducted in Iowa has investigated the suitability of implementing 
winter canola (Brassica napus L.) into conventional crop rotations as both winter cover crops 
and winter annual commodity crops. Gailans et al. (2017) introduced winter canola into an 
extended rotation that included corn, soybean, spring wheat, and red clover. Alternative rotations 
with winter canola provided environmental services by supplying 33% longer mean annual 
vegetative groundcover duration compared to corn-soybean rotations. The additional 
groundcover reduced risk of soil erosion in alternative cropping systems by 70% during the April 
to June timeframe. However, the agronomic and economic performance of the alternative 
systems was significantly lower compared to conventional systems. One of three years resulted 
in comparable yields and economic performance due to a reduced reliance on N fertilizer and no 
differences in corn yield between systems.  
 Winter canola can provide critical environmental services to corn-soybean crop rotations 
when implemented as a cover crop (Sklenar, 2015; Martinez-Feria et al., 2016). Winter canola 
planted in early September was able to produce 3.1 Mg ha-1 of above-ground biomass (AGB), 
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provide 70% groundcover to reduce soil erosion, and take up 60 kg ha-1 of residual soil N to 
reduce NO3 leaching losses after spring regrowth. However, a conclusion on the success of 
winter canola successfully being implemented into a conventional cropping system is still under 
question in Iowa. Winter canola does not successfully overwinter in some Iowa environments 
due to insufficient development of winter canola plants (Martinez-Feria, 2015). 
Fall growth and winter survival present the most significant challenges to implementing 
winter canola in the Great Plains and upper Midwest. In order to survive winter conditions, 
studies have indicated that winter canola should be seeded six weeks before the first fall freeze in 
order to accrue enough heat units for sufficient plant development (Brown et al., 2008; Boyles et 
al., 2012; Assefa et al., 2014; Martinez-Feria et al., 2015). For sufficient canola plant 
development in central Iowa environments, Martinez-Feria et al. 2016 determined winter canola 
should be seeded no later than mid-September. However, producers using a corn-soybean 
rotation in Iowa typically do not begin harvest of their crops until adequate grain moisture levels, 
and harvest conditions have been met. On average, this harvest timeframe coincides with the 
beginning of October, eliminating the potential for seedbed preparation and direct seeding 
methods for timely winter canola planting. Overcoming the reduced growing season limitation to 
produce more biomass and increase chances of winter survival may be possible with interseeding 
winter canola and other winter annual crops using aerial seeding methods (Wilson et al., 2014; 
Peterson et al., 2019).  
Development and testing of winter canola varieties has increased in recent years due to 
the growing demand in U.S. and Canadian oilseed markets (Brown et al., 2008). Since 2010, the 
National Winter Canola Variety Trial (NWCVT) has been implemented in different areas of the 
country to study the effects of environment and seeding date on current and newly developed 
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winter canola cultivars (Stamm and Dooley, 2018). Further research is needed in Iowa to 
evaluate cultivar differences to aid in determining which varieties could produce sufficient 
biomass, provide environmental services, and tolerate Iowa winters to produce stable yields and 
economic performance in Iowa cropping systems. 
This thesis serves an effort towards continued research in implementing winter canola 
into a conventional corn-soybean rotation in central Iowa and evaluating the performance of a 
winter wheat-soybean relay intercropping system across the state. The objectives of this research 
project were to determine, (i) the suitability of winter canola as a candidate for a third cash crop 
in the conventional Iowa corn-soybean rotation; (ii) which winter canola hybrid and open-
pollinated varieties were best fit for Iowa environments; and (iii) what information and analyses 
are critical for whether or not a producer should implement a winter wheat-soybean relay 
intercropping system.  
Thesis Organization 
This thesis is organized into six chapters. Chapter 1 is the general introduction to provide 
adequate information entailing why this research project is essential for the advancement in 
agricultural research. Chapter 2 is a review of the literature on alternative crop rotations, 
including relay intercropping systems and previous research conducted with winter canola. 
Chapter 3 discusses the results of the effect of inter-seeding winter canola into soybeans in the 
fall. Chapter 4 is an evaluation of the NWCVT implemented at the Iowa State Agricultural 
Engineering and Agronomy Research Farms from 2017-2019. Chapter 5 is an article constructed 
as a decision case study. Information was collected from various producers and a review of the 
literature to provide insight and analysis of the decisions and economic performance associated 
with a winter wheat-soybean relay intercropping system. Chapter 6 is the final chapter, a 
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summary of conclusions from the research provided in this thesis and guidance for future 
research to be conducted. 
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CHAPTER 2.    LITERATURE REVIEW  
Introduction 
While the state of Iowa is among the leaders in agricultural productivity, the state’s lack 
of landscape diversity has been concomitant with environmental degradation (Lehman et al., 
2015). Corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] production dominate the Iowa 
landscape, accounting for 43% and 33% of agricultural land, respectively (USDA, 2018). A 
majority of the state’s producers cultivate both crops in either a monoculture or alternate year 
rotation using conventional cropping practices. Crops grown in monoculture are often prone to 
production challenges including, increased weed populations, higher disease incidence, and 
lower yields (Bennett et al., 2012; Davis et al., 2012; Wright and Lenssen, 2013). Coupled with 
short-term rotations and monoculture, conventional cropping systems that use manufactured 
fertilizers, synthetic herbicides and pesticides, and intensive tillage operations have been linked 
to air and water quality degradation (Gilliom et al., 2006; Reis et al., 2016). Changing 
precipitation patterns with increased intensity and frequency have further intensified the 
degradation of resources from nitrogen (N) pollution and soil erosion (IPCC, 2012). These 
changing conditions could further increase environmental degradation associated with an 
insufficiency of cropping system diversity that leaves the soil surface susceptible to wind and 
water-induced erosion from fall to spring months (Liebman et al., 2013).  
Along with environmental harm, a lack of cropping system diversity exposes producers 
to higher market volatility and crop loss risks. In the event of low commodity prices, crop 
disease, or extreme weather, producers in monoculture systems would not be strongly buffered 
against losses in profit. However, producers should not entirely be at fault; government programs 
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and the complex web of food production and its uses influences what food is grown where 
(Jackson, 2001). 
Alternative agriculture strategies have been researched and implemented to promote 
cropping system diversity and sustainability (National Research Council, 2010). In an 8-year 
study comparing diverse cropping systems to a conventionally managed 2-year corn-soybean 
rotation, an increase in diversity balanced productivity, profitability, and environmental health 
(Davis et al., 2012). The authors found the addition of small grains and forage legumes in 
rotation with corn and soybeans increased ecosystem performance while relying on less synthetic 
inputs, therefore reducing freshwater toxicity and improving system profitability. Adding crop 
diversity with winter cover crops is a proven method of reducing N losses to groundwater by 
extending the period of active water and N uptake in a cropping year (Kaspar et al., 2011). 
Increases in cropping system diversity also effectively managed weed species and populations 
(Weisberger et al., 2019), reduced disease incidence and severity (Leandro et al., 2018), 
increased yield and yield stability (Smith et al., 2008; Gaudin et al., 2015), and sustained soil 
quality and productivity (McDaniel et al., 2014). Extending crop rotations allows producers to 
effectively manage some pests by altering the spatial and temporal diversity in their fields (Davis 
et al., 2012).  
Unfortunately, the Midwest U.S. is a significant leader in total soil erosion and N losses 
to ground and surface water resources, leading to unsafe drinking water in the region, 
eutrophication, and social impacts in the Gulf of Mexico (Ingram and Porter, 2015). Losses of 
topsoil to wind, water, and tillage erosion reduce productivity, with loss estimates of over $315 
million in reduced yield over a 10-year period in Iowa (Cruse et al., 2006). This paper introduces 
alternative agriculture strategies that focus on increasing crop diversity.  These strategies are 
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currently being investigated and implemented around the world to address the problems 
associated with low diversity, conventional cropping systems. A systems approach that increases 
cropping system diversity while preserving the resources that sustain or improve producer profit 
must be established to increase sustainability.  
Alternative Crops in Rotation 
A significant problem in conventional corn-soybean cropping systems is the asynchrony 
between N mineralization from soil organic matter and crop N uptake. Crops are actively taking 
up available N resources during vegetative and parts of reproductive growth, but cease to use soil 
N after physiological maturity. However, soil microbial activity that mineralizes soil organic N is 
a dynamic process controlled by temperature, moisture, and soil organic matter composition, and 
therefore occurs before and after crop growth (Kasper and Singer 2011). This asynchrony 
between N mineralization and active crop N uptake attributes ~55% of soil N losses in cropping 
systems (Martinez-Feria et al., 2018). Residual N sources from fertilization and mineralization 
pose threats for environmental degradation. The absence of active crop roots before and after 
crop growth leaves soil nitrate susceptible to environmental loss through leaching and 
denitrification, therefore polluting the water and air resources. Cover crops can be used as an 
effective tool in N management by utilizing residual soil N, supplying the microbial community 
with an additional carbon source, therefore potentially utilizing residual N, and supplying N for 
the next crop in cases of using legume cover crops (Dabney et al., 2010; Justes et al., 2017). 
Cover crops reduce NO3 leaching potential by taking up residual or freshly mineralized 
soil NO3, which can be used as an additional nutrient source for subsequent crops after cover 
crop decomposition (Dabney et al., 2010). A rye (Secale cereale L.) cover crop seeded after 
harvest of corn or soybean crop has been observed to reduce drainage water NO3- loads by 48% 
over 5 years in Iowa (Kaspar et al., 2012). Additional cover crop research in Iowa found that 
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early seeded winter canola (Brassica napus L.) accumulated 60 kg N ha-1 during fall and spring 
growth, which could have been lost from the soil profile (Martinez-Feria et al., 2016). Cover 
crops that take up residual soil N are also protecting topsoil from wind and water erosion by 
providing a canopy cover that lessens the impact of precipitation that could detach soil particles 
(Kaspar and Singer, 2011). Cover crops can provide additional environmental and agronomic 
services including, improved weed management, improved soil physical qualities, and a source 
of high quality forage for livestock (Kaspar and Singer, 2011; Hubbard et al., 2013; Farney et al., 
2018; Osipitan et al., 2018). However, management concerns arise with the use of implementing 
cover crops into a rotation. Certain cover crops such as rye may reduce subsequent corn yields 
due to allelopathy or immobilization of nutrients (Singer and Kohler, 2005; Kaspar and Bakker, 
2015; Acharya et al., 2017, 2020), but impacts on yield are highly variable dependent on 
temperature and moisture (Basche et al., 2016). Best management practices for cover crops are 
continually being researched and need to be understood to gain progress towards agronomic and 
environmental goals. Cover crop management and success can be limited by seeding date and 
length of the growing season (Martinez-Feria et al., 2016), herbicide programs, climate, 
machinery, and labor requirements (Kaspar et al., 2008). Managing cover crops for ecosystem 
services come at a cost, sometimes requiring more than a $50 ha-1 investment. The costs and 
risks of implementing cover crops often discourage producers from adopting them (Arbuckle and 
Roesch-McNally, 2015).  
To overcome potential operating losses from cover crops, producers and researchers have 
turned to alternative crops that supply the same ecosystem services as cover crops, but produce a 
marketable product. Introducing cool-season and perennial crops such as small grains and forage 
legumes into rotation with corn and soybean have been shown to improve water and soil quality 
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by reducing N and topsoil losses, while also relying on lower amounts of synthetic inputs that 
maintain or improve system profit (Davis et al., 2012; Gailans, 2017; Hunt et al., 2017). 
Likewise, on average, diverse crop rotations can reduce weed population density by 49% 
(Weisberger et al., 2019). Diverse systems are thought to reduce weed density by the increases in 
disturbance events such as planting, tillage, and harvesting that occur for each crop in rotation. 
The heterogeneity in disturbance events coupled with temporal differences in crop growth and 
resource capturing periods allow cropping systems to compete with weed populations 
(Weisberger et al., 2019).  
Monoculture and short-term rotation production systems are often subject to a decline in 
yield compared to systems in longer rotations (Bennett et al., 2012). Multiple studies conducted 
in Iowa that introduced cool-season grains and forage legumes resulted in increases in both corn 
and soybean yield relative to a conventional corn-soybean rotation, despite a lower usage of 
agrichemicals (Liebman et al., 2008; Davis et al., 2012). The crop rotation effect of yield 
increases from extended rotations is still not well understood, but is hypothesized to be a 
combination of microbial, chemical, and physical factors that interact to reduce or suppress 
disease and pest impacts while possibly increasing nutrient turnover and availability.  
Implementing alternative crops into a conventional system can cause limitations for 
producers by extending the timeframe in which corn or soybean, often the most profitable crops 
in rotation, can be used in the rotation. Conversely, intercropping is an alternative agriculture 
technique that could provide producers the ecosystem services, increased profit with reduced 
inputs, and availability to produce corn and soybeans in shorter crop rotation timeframes. 
Intercropping 
Intercropping, the agriculture practice of growing multiple crops in the same space at the 
same time, could also play a role in assisting agriculture’s overarching goal of providing our 
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world’s nutritional demands by intensifying production in a sustainable manner (Martin-Guay et 
al., 2018). The benefits of intercropping have been well documented (Brooker et al., 2015) and 
may be a means to provide the potential to overcome challenges related to conventional cropping 
systems that limit productivity or degrade environmental resources (Vandermeer, 1989). 
Traditionally, intercropping has been used by smaller subsistence farming operations around the 
world that do not rely on high mechanization or synthetic input practices. Instead, these 
operations use intercropping to enhance the efficiency of their land and to diversify risk (Bybee-
Finley and Ryan, 2018). Different types of intercropping practices are possible; each supporting 
different needs of the system and providing unique benefits. Mixed intercropping involves two or 
more crop species in the same space at the same time, but does not include a specific 
arrangement or row orientation. Mixed intercropping is common in pastures and forage mixtures 
and is typically found in tropical and subtropical subsistence farming systems. Strip 
intercropping separates each crop species in different rows, providing enough space for each 
species to compete agronomically and be harvested separately. In Iowa, a three-crop strip 
intercropping scheme of corn, soybeans, and oats can be seeded in 4-12 rows each to promote 
higher crop yields by taking advantage of sunlight and the reduction in intraspecific competition 
(Ghaffarzadeh, 1999). This review highlights the final intercropping type, relay intercropping.  
Relay intercropping is defined by planting the second crop species between the first crop 
species interrows before the first crop species is mature (Goldmon, 1991). This intercropping 
practice provides both temporal and spatial diversification due to the overlapping of each crop’s 
growth stages (Goldmon, 1991). Relay intercropping, along with other intercropping systems, 
can increase farm income, hedge production risks by diversifying different markets, and provide 
environmental services (McCoy et al., 2003; Schepers, 2005; Hartschuh 2019). Relay 
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intercropping winter cover crops such as pennycress, winter camelina, or winter rye can provide 
alternative forms of economic returns, and help in N management strategies (Weyers et al., 
2019). However, Midwest relay intercropping systems typically include a small grain crop in 
combination with either a forage or grain legume (e.g., wheat and soybeans) (Nelson et al., 
2005).  
Fall-seeded small grains can provide protection against soil erosion and reduce potential 
nitrate leaching into drainage water from fall and spring precipitation (Chan et al., 1980; 
Schepers, 2005). Relay intercropping systems that add small grains can use 66% more of the 
growing season, providing increased resource use efficiency, intercepted radiation, and 
precipitation (Hartschuh, 2019). By providing groundcover and active N uptake during often-
fallow periods of corn-soybean production, small grains minimize or eliminate the asynchrony in 
organic N mineralization and crop N uptake.  
Yield differences in relay intercropped soybean and wheat are often comparable to sole 
crop production of each crop. Typically, yields of soybean and wheat are 90 and 70 percent of 
monocropped yields, respectively (Duncan et al., 1993; Hartschuh, 2019). However, both light 
and moisture are often limiting factors in winter wheat-soybean relay intercropping practices, 
reducing plant stands per area and overall yield (Duncan and Schapaugh, 1997). Inadequate soil 
moisture during soybean germination, which can be caused by excess water uptake by the 
neighboring wheat crop, can lead to spotty and uneven emergence. Soybean yields in relay 
systems are highly dependent on summer precipitation after wheat harvest (Hartschuh, 2019). 
Without adequate moisture, soybean plants may not be able to recover from the competition with 
wheat due to poor nodulation and increased flower abortion, leading to a lower number of pods 
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per plant (Ross and Abbate, 2018; Staton, 2018). However, with adequate moisture, both wheat 
and soybean stands can provide maximal yields to increase producer profit.  
Intercropping yield is measured using the land equivalent ratio (LER). A LER is the sum 
of relative yields of all species involved in the intercropping system divided by their sole crop 
yield (Goldmon, 1991). The LER is the amount of land required for a sole crop to produce the 
same yields in the intercrop. Goldmon (1991) reported an LER for a winter wheat-soybean relay 
intercropping system of 1.2, indicating that the land required for monocropped wheat or 
soybeans to equal intercropping productivity would need to be 1.2 hectares. LER calculations are 
beneficial in measuring system productivity as a whole and giving producers an opportunity to 
compare yields and land use against monocropped systems.  
Alternative management decisions need to be considered for successful implementation 
of a relay intercropping system. Both winter wheat and soybean crops need to be fertilized with 
recommended phosphorus (P) and potassium (K) applications (McCoy et al., 2003). Winter 
wheat should be expected to need about 0.5 kg P or K per bushel produced, or approximately 50 
kg ha-1 (Hartshuh, 2019). Other winter wheat production practices such as seeding date, seeding 
rate, fall weed control, tillage and seedbed preparation should be conducted the same as sole 
cropped winter wheat production (Hartschuh, 2019). Production challenges do arise with the 
implementation of soybeans with winter wheat. Soybeans need to be planted early enough to not 
damage winter wheat plants with machinery. Typically, relay intercropping producers attempt to 
plant soybeans between wheat interrows before winter wheat has jointed (Nelson et al., 2005). 
Weed control through herbicide use must also be changed. Often winter wheat and soybean 
herbicides are not labeled for both crops and producers should be aware of what herbicides are 
effective and follow label directions. Harvest of winter wheat should be conducted when wheat 
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kernels have reached a 20-25% moisture threshold (Hartschuh, 2019); harvesting wheat at higher 
moisture levels increases light interception of soybean plants. However, wheat sold as grain at 
market is typically near 13.5% moisture, wheat above this moisture will need to be dried, either 
costing producers money for storage and handling, or paying the grain brain buyer for drying 
costs. Hartschuh (2019) also recommends that winter wheat heads be clipped above soybean 
leaves and growing points to minimize damage, and that the straw behind the combine be blown 
evenly to maximize light interception of post-wheat harvest soybean stands.  
Alternative crops added into traditional corn-soybean cropping systems of the Midwest 
need to be researched. Winter canola may be a viable option for Iowa and other Midwest 
producers to provide the same environmental services and diversified cropping benefits as other 
current alternative crops.   
Winter Canola as a Potential Alternative Crop in Iowa 
Canola (Brassica napus L.) is a brassica species evolved from the natural hybridization of 
B. rapa and B. oleracea (Brown et al., 2008). Canola (B. napus) cultivars are often referred to as 
low-erucic acid rapeseed cultivars (LEAR) (Brown et al., 2008). Rapeseed (B. napus) is thought 
to have originated in the Mediterranean, and has since been cultivated in many parts of the world 
including Canada, Europe, Australia, China, Pakistan, India, and the U.S. (Brown et al., 2008). 
Rapeseed has been used for industrial lubrication purposes, most notably during World War II, 
when Canada produced oilseed rape for marine lubrication needs (Boyles et al., 2012). However, 
to meet demand for cooking oil, rapeseed cultivars with lower erucic acid levels needed to be 
developed due to the inedible qualities of erucic acid. Researchers in Manitoba were able to 
produce the first double-low rapeseed variety ‘Tower’ containing low erucic acid and 
glucosinolate levels, and was registered in Canada in 1974 (Canola Council of Canada, 2019). In 
1978, the Western Canadian Crushers Association registered the official name ‘Canola’ for the 
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seed, oil, meal, protein concentrate, protein flour, and hulls produced from double-low rapeseed 
varieties (Rapeseed Digest, 1978). The term ‘canola’ is derived from a word play for Canadian 
(Can) and Oil (Ola) to emphasize the differences from rapeseed (Canola Council of Canada, 
2019). To be considered canola, oil produced from rapeseed cultivars must contain less than 2 
percent erucic acid, and the residual meal must not contain more than 30 μmoles of aliphatic 
glucosinolate per gram of defatted meal (Brown et al., 2008; Stamm et al., 2018).  
Canola seed yield typically contains 35-45% oil by seed weight and the meal contains 
~35% protein, compared to soybean with 20% and 40% oil and meal protein, respectively 
(Boyles et al., 2012). The seed oil from canola has both cooking and industrial purposes, while 
the meal produced from the pressing process of oil extraction is traditionally fed to livestock 
(Brown et al., 2008). Canola oil was listed as “Generally Recognized as Safe” for human 
consumption by the U.S. Food and Drug Administration in 1985 (Brown et al., 2008). Canola oil 
is favored for human consumption compared to other vegetable oils because of its potential 
health benefits (Lin et al., 2013). In comparison with other dietary fats, canola oil has the lowest 
percentage of saturated fat, an unhealthy fat source leading to increased risk of coronary heat 
disease (CHD) (Brown et al., 2008). Canola oil also boasts an impressive profile of 
monounsaturated fat and the polyunsaturated fats of linoleic and alpha-linolenic acid, two 
omega-3 fatty acids that are known to reduce risk of CHD (Lin et al., 2013). Processed canola 
meal is sought after in the animal feed market due to its high protein value. In dairy production 
systems, studies have shown that inserting canola meal in feed rations as a protein source in 
exchange for soybean meal may increase milk yield and provide a more cost favorable source of 
amino acids in early lactating dairy cows (Kalscheur and Moore, 2017). Increased research 
efforts for biofuel production have evaluated canola and its potential use as a fuel alternative 
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(Issariyakul et al., 2008; Van Gerpen and He, 2010). Although the U.S. demand for biodiesel 
production is from soybean oil, the European Union (EU) is a significant producer of biodiesel 
from rapeseed (Brown et al., 2008). Rapeseed oil for biofuel production is favored in the EU due 
to the oil’s low saturated fat content, which improves the biodiesel’s performance in colder 
weather (Brown et al., 2008). 
Globally, canola is the third largest in terms of vegetable oil production, behind only 
soybean and palm oil. In terms of protein meal production, canola is second only to soybean 
meal production (USDA, 2019). However, in the U.S. there is a lack of or shortage of canola 
production. In total, the U.S. has a supply of 2,730,000 MT of canola oil. To meet canola oil 
demand, the U.S. is a net importer of canola products, importing over 1,845,000 MT of canola 
oil (USDA ERS, 2019). North Dakota, Montana, and Minnesota are the primary producers of 
domestic canola products, accounting for almost 88 percent of the acres planted to canola in the 
U.S. (USDA, 2019). Other areas of U.S. production include the Pacific Northwest and the 
southern Great Plains regions. Over the last decade research has been conducted throughout the 
country to test winter canola varieties to promote canola acreage and production (Stamm and 
Dooley, 2014).  
Winter canola is a cool season dicot plant with spring and winter type varieties (Brown et 
al., 2008). Both spring and winter type varieties require a vernalization period, acclimating to 
cooler temperatures to induce spring flowering. Winter canola often has a longer vernalization 
requirement and produces higher yields compared to spring canola due to a longer grain fill 
period and less competition between weeds during spring growth (Boyles et al., 2012). Upon 
seed germination and emergence of the cotyledons, canola develops true lyrate-pinnated 
glaborous leaves from the apical meristem. The apical meristem of canola is above the soil 
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surface between the cotyledons, increasing susceptibility to frosts, hail, and insect damage 
(Boyles et al., 2012). True leaves during fall growth are arranged in a rosette, with older leaves 
growing larger from the bottom and new leaves developing in the center. During the rosette 
growth period a long slender taproot develops to anchor canola plants and use soil moisture and 
nutrients for plant uptake and growth. As a result of cooler temperatures and shorter day lengths, 
winter canola begins to cease growth, acclimating by regulating gene activity and producing 
metabolites to harden for winter survival.  
Spring regrowth resumes after an accumulation of warmer temperatures, typically 
between 0°C and 4°C, and longer days, initiating bud formation (Robertson and Lilley, 2016). 
New leaves and buds begin to develop in the center of the rosette and are attached to the main 
stem during rapid stem elongation. Leaves are sessile and attached to each node along the main 
stem. Flowering begins on the lowest bud on the main stem and continues upward, followed by 
bud opening on secondary branches. Canola flowers are regular with four sepals and four petals, 
diagonally opposite, and are yellow in color. Brassica napus canola is primarily self-pollinating, 
although up to 30% of fertilization can come from insects (Brown et al., 2008). Canola plants 
reach their maximum height of between 120-150 cm at during peak flowering. Fruiting bodies 
known as siliques (pods) begin to develop on the lowest flower placement on the raceme. During 
seed formation, pods and stems represent the major source of nutrients for seed production 
(Boyles et al., 2012). Approximately 15-25 seeds fill the pod cavity, developing and increasing 
in weight for 35-45 days after flowering. Seeds begin as a translucent color and turn from green 
to brown and finally black during maturation, reaching a final harvestable moisture of 8-10%.  
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Winter Canola in Rotation 
Monoculture and short-term crop rotations encounter numerous agricultural and 
environmental problems including increased weed and disease pressure, market volatility risks, 
soil and water quality degradation, and often, lower yields (Bennett et al., 2012; Weisbeger et al., 
2019). Over the previous decade winter canola has become a viable option to enhance 
diversification and promote sustainable cropping systems. In the U.S., winter canola has become 
an important rotation crop, commonly rotated in monoculture winter wheat producing regions of 
the country (Rathke et al., 2006; Brown et al., 2008; Bushong et al., 2012; Young et al., 2014; 
Boyles et al., 2018). Winter canola provides a rotation affect, improving wheat yields by 10 to 20 
percent, sometimes up to 50 percent (Boyles et al., 2018), and increased profit compared to a 
conventional wheat-wheat monoculture system (Bushong et al., 2012). Bushong et al. (2012) 
were not able to identify the sole reason why wheat yields were higher in rotation, but increased 
weed control, water availability, and reduced disease incidence were possible factors. Schillinger 
and Paulitz (2018), found contrasting results when studying spring wheat yields after winter 
canola and winter wheat crops in the Pacific Northwest. The first year spring wheat after winter 
canola yielded 17 percent less when compared to yields after winter wheat, but subsequent year 
spring wheat yields were not reduced (Schillinger and Paulitz, 2018). In an effort to improve 
productivity, profitability, and environmental quality, both a corn-spring canola-winter wheat/red 
clover and corn-spring wheat-winter canola/red clover cropping system were compared with a 
traditional corn-soybean crop rotation in Iowa (Gailans, 2017). In two of three years, Gailans 
observed the greatest corn yields and net profit in the corn-soybean rotation. However, in 2013 
corn yields were comparable to the alternative system, and net returns were higher in the 
alternative system due to increased alternative crop yields and a lower amount of crop inputs. 
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Soil cover was 33 percent higher in the alternative systems, leaving less topsoil susceptible to 
wind and water erosion (Gailans, 2017). 
Non-seed plant organs in brassicacea species such as winter canola produce 
glucosinolates, which are broken down into toxic compounds, including isothiocynates (Fenwick 
et al., 1982). Glucosinolates and their degradation products provide soil borne pest and pathogen 
control, and produce an allelopathic effect, impacting successive plant and weed seed 
establishment (Grodzinsky, 1992; Brown and Morra, 1997; Haramoto and Gallandt, 2004). 
Winter canola and other brassicaceae residues have been studied as a cover crop and green 
manure crop to provide pest control and weed suppression (Boydston and Hang, 1995; Al-Khatib 
et al., 1997; Pellerin et al., 2007; Vasilakoglou et al., 2010). Boydston and Hang (1995) observed 
not only a reduction in weed density and biomass, but improved yields in potato crops after fall-
seeded winter rape green manure treatments. Winter canola has additional positive 
environmental services to cropping systems such as reduced nitrate leaching and soil erosion 
because of the ability of the crop to grow and develop when other cash crops cannot. 
Brassicas have the ability to take up residual N due to their quick establishment and fall 
growth, and development of a long, slender taproot that can access deeper pools of N (Brown et 
al., 2008; Dabney et al., 2010). Studies of winter canola cover crops have shown positive 
reductions in NO3 leaching, up to 80 percent in certain environments (Dean and Weil, 2009; 
Salmerón et al., 2010). Winter canola has also been shown to produce a viable cover crop in the 
Midwest, taking up residual soil N and providing ground cover to reduce topsoil erosion 
(Martinez-Feria et al., 2016; Appelgate et al., 2017). However, both studies warned that 
inadequate fall growing conditions and harsh Midwest winters might hinder winter canola 
growth, reducing winter survival and positive environmental impacts.  
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To improve financial stability and diversify crop rotations, winter canola has also been 
used as a dual-purpose crop, providing high quality forage to livestock, while producing a viable 
oilseed crop to be harvested (Kirkegaard et al., 2008; Sprague et al., 2014; Begna et al., 2017). 
Wheat is mainly grown in monoculture and used as a dual-purpose crop across many hectares of 
the southern Great Plains. Because of the typical monoculture system, growers are experiencing 
challenges with pest control, reduced market availability due to grass type weeds, and reduced 
yields (Begna et al., 2017). Winter canola, when grazed in the late fall, provided a higher relative 
feed value compared to wheat, and was able to produce a viable crop for grain harvest, providing 
a possibility of a viable crop rotation for growers in the southern Great Plains (Begna et al., 
2017). However, to maintain adequate growth recovery and oilseed yields, winter canola should 
only be grazed up until bud elongation (Kirkegaard et al., 2008). 
Seeding Date 
Establishing overwintering cover crops and winter annual commodity crops between the 
harvest and planting of summer annual crops, e.g. maize and soybeans, has been shown to 
provide environmental services that reduce topsoil erosion and reduce N losses to leaching 
(Dinnes et al., 2002; Snapp et al., 2005; Kaspar and Singer, 2011). Winter canola may be an 
option for producers to deliver soil cover benefits if adequate plant development is achieved 
before the onset of winter (Velicka et al., 2006; Lääniste et al., 2007). Studies in Iowa have 
shown that winter canola can potentially produce sufficient fall growth to survive winter 
conditions and provide environmental services (Martinez-Feria et al., 2016; Gailans, 2017). At 
least 30% of ground cover is needed to protect valuable topsoil against wind and water erosion 
(Daniel et al., 1999). In central Iowa, Martinez-Feria et al. (2016) found that winter canola could 
provide up to 72% ground cover in early September, but results are highly dependent on factors 
including heat unit accumulation and aboveground biomass production. Other results from the 
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same study determined that winter canola could be a valuable resource for scavenging residual 
soil N, up to 52 kg ha-1 in early September seeded treatments (Martinez-Feria et al., 2016).   
Seeding date is known as one of the main factors affecting fall growth and subsequent 
winter survival of winter canola (Velicka et al., 2006; Lääniste et al., 2007; Holman et al., 2011). 
Later seeding dates reduce the potential growing season, resulting in smaller plants that have not 
stored a sufficient amount of reserves during fall growth to overwinter in colder climates 
(Holman et al., 2011; Boyles et al., 2012). Winter survival presents a great challenge to the 
establishment of winter cover crops including winter canola, especially in colder climates 
(Martinez-Feria et al., 2016). However, winter canola has been shown to survive both in Iowa 
(Martinez-Feria et al., 2016; Gailans, 2017) and other parts of the Midwest and Great Plains 
(Boyles et al., 2012). Proper overwintering of winter canola has been associated with canola 
plants reaching a certain stage in plant development during the fall growing season (Velicka et 
al., 2006; Lääniste et al., 2007) In order for survival from winter conditions, winter canola needs 
to develop a healthy rosette of five to eight leaves (Sidlaukis and Rife, 2004; Wysocki et al., 
2005; Velicka et al., 2006; Balodis and Gaile, 2011; Boyles et al., 2012). Plants with less 
development and fewer than 5 leaves typically do not store sufficient energy reserves needed for 
winter survival (Boyles et al., 2012). Cold stress from winter conditions often leads to plant 
death by desiccation and the loss of cell membrane integrity (Gusta and Wisniewski, 2012).  
Winter canola plant development is highly correlated with the accrual of temperature 
after seeding or emergence (Gabrielle et al., 1998; Miller et al., 2001; Sidlaukis and Rife, 2004). 
The alteration of seeding date can be used to extend the growing season, giving canola plants 
more days of temperature accrual. Growing-degree-day (GDD) is an often-used measurement for 
thermal time. Through both field and in vitro analysis, Martinez-Feria (2015) determined winter 
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canola would need to accumulate 169 GDD after seeding to reach emergence, and an additional 
345 GDD to develop 5 leaves for winter survival. Studies across the Great Plains and upper 
Midwest have concluded that winter canola should be seeded no later than six weeks before the 
first freezing event (Brown et al., 2008; Boyles et al., 2012; Martinez-Feria et al., 2015). In Iowa, 
this seeding date would correlate with about the first week in September. However, crop rotation 
restrictions apply to the seeding of winter cover crops and winter annual commodity crops. 
Harvest procedures of corn and soybean in crop rotations typically begin in early October and 
continue through the fall. This timeframe presents limitations to seedbed preparation, fertilizer 
application, and direct seeding for winter canola in the early September timeframe. 
Aerially seeding methods have been investigated with other cover crops in the Midwest 
(Wilson et al., 2014; Peterson et al., 2019). Aerial seeding using high clearance equipment 
allows for the seeding of cover crops and winter annual crops at any time in the growing season 
and is not dependent on crop height or development stage. Peterson et al. (2019) found that 
interseeding cover crops into soybeans did not reduce soybean yield and provided environmental 
services by reducing residual soil NO3 levels. Appelgate et al. (2017) hypothesized that aerially 
seeded canola could potentially achieve more biomass accumulation and winter survival levels 
compared to direct seeding methods after corn or soybean harvest. Although aerial seeding 
extends the fall-seeded crop-growing season, they present a new set of limitations. Aerially 
seeding into a crop canopy limits the amount of light penetration to the soil surface and reduces 
the seed-to-soil contact of cover crop seeds, reducing germination and establishment (Kladivko, 
2015). We investigated the effect of aerially seeding winter canola into a soybean canopy during 
different stages of soybean leaf senescence using a high clearance cover crop seeder on 
production of winter canola AGB, N accumulation, canopy cover, and winter survival.  
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CHAPTER 3.    INTERSEEDING WINTER CANOLA DURING DIFFERENT STAGES 
OF SOYBEAN LEAF SENESCENCE  
Abstract 
Winter canola (Brassica napus L.) has received interest in research and production across 
the country as an alternative winter annual crop to provide positive agronomic and economic 
benefits as well as reduce environmental harm. However, previous research has drawn 
limitations to incorporating winter canola into the traditional corn (Zea mays L.) and soybean 
[Glycine max L. (Merr.)] crop rotations of Iowa. Traditional Iowa cropping system harvest 
timeframes limit the fall growing season and winter canola's ability to accumulate sufficient heat 
units needed for plant development and winter survival with direct seeding methods. Therefore, 
we conducted field experiments during the 2017-2018 and 2018-2019 growing season to 
investigate the effect of seeding date during different stages of soybean leaf senescence using a 
custom high clearance cover crop interseeder on the success of incorporating winter canola into a 
corn-soybean rotation. Collection and observation of aboveground biomass (AGB) production, 
nitrogen (N) accumulation, canopy cover, and winter survival were used to determine the 
suitability of winter canola as an alternative crop in rotation. Results from this study indicate that 
the limitations to incorporating winter canola into rotation include the length of the fall growing 
season and winter conditions. Both site years experienced unfavorable growing conditions for 
winter canola establishment, leading to no survival of winter canola. However, in general, winter 
canola seeded earlier produced significantly more AGB, accumulated more N, and protected a 
larger area of topsoil with more canopy cover. This study was inconclusive about the effect of 
seeding treatment on the success of interseeding winter canola into soybeans for implementation 
into traditional Iowa cropping systems.  
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Introduction 
Winter canola (Brassica napus L.) is an alternative cool-season annual crop that could be 
introduced into conventional Midwest crop rotations in order to increase cropping system 
diversity. Davis et al. (2012) have shown that increasing cropping system diversity has a 
multitude of positive effects on the productivity, profitability, and ecological sustainability of 
Iowa's conventional corn-soybean cropping systems. Producers in the southern Great Plains and 
Pacific Northwest often insert winter canola into crop rotations as a break crop between winter 
wheat plantings (Boyles et al., 2012; Begna et al., 2017; Karow, 2014). In Iowa, corn and 
soybean cropping systems are prone to environmental harm; particularly topsoil erosion and 
nitrogen (N) losses to water resources (Qi et al., 2008; Hatfield et al., 2009; Gelder et al., 2017). 
Fall seeded winter cover crops and winter annual crops can reduce the environmental impact of 
conventional cropping systems (Kaspar et al., 2011; Gailans, 2017). 
Winter canola grown as a winter cover crop after soybean harvest in Iowa environments 
has the potential to produce 3.1 Mg ha-1 of above-ground biomass (AGB), achieve 70% canopy 
cover to reduce topsoil erosion to wind and water, and accumulate 60 kg ha-1 of N to prevent 
losses of N to groundwater sources after spring termination (Martinez-Feria, 2015). However, 
winter canola does not consistently overwinter in geographic regions within Plant Hardiness 
Zone 5, which includes central Iowa (Rife and Zeinali, 2003; Martinez-Feria et al., 2016; USDA-
ARS, 2019). Impacts from climate change could alter where crops can grow and survive winter 
conditions in the future. 
Fall establishment and winter survival present the most significant challenge to 
incorporating winter canola into Great Plains and Midwest cropping systems (Brown et al., 2008; 
Martinez-Feria et al., 2015). Survival of overwintering of winter canola is associated with canola 
plants reaching a critical stage in fall growth development. In order for survival from winter 
 34 
conditions, canola plants need to establish a healthy and robust rosette of at least five to eight 
leaves (Sidlaukis and Rife, 2004; Wysocki et al., 2005; Velicka et al., 2006; Boyles et al., 2012). 
Canola plants that do not develop five leaves do not produce enough energy reserves to survive 
winter (Boyles et al., 2012). Biomass accumulation and plant development are subject to 
environmental conditions and are highly correlated with the accrual of heat units after seeding 
and emergence (Gabrielle et al., 1998; Miller et al., 2001; Sidlaukis and Rife, 2004; Martinez-
Feria et al., 2015). Studies in Iowa concluded that for proper development of a five-leaf rosette, 
winter canola plants would need to accrue approximately 514 growing degree days (GDD) to 
overwinter successfully, based on the following formula: TBASE = 4.5°C and TMAX = 30°C 
(Martinez-Feria et al., 2015).  
An earlier seeding date can extend the fall growing season and expose winter canola 
plants to higher amounts of GDD. In order to accrue sufficient heat units for proper 
establishment and winter survival, winter canola should be planted no later than six weeks before 
the first fall freezing date (Brown et al., 2008; Boyles et al., 2012). In Iowa, Martinez-Feria 
(2016) recommended that winter canola be planted before mid-September to achieve sufficient 
fall biomass before the onset of winter. However, these seeding recommendations are often 
earlier than the harvest of corn and soybean in central Iowa, eliminating the opportunity for 
seedbed preparation, fertilizer application, and direct seeding methods. 
 To overcome the limitation of a shorter fall growing season while maintaining the 
conventional Iowa cropping system, we conducted a study to investigate the effect of seeding 
winter canola during different stages of soybean leaf senescence using a high clearance cover 
crop interseeder. Interseeding winter canola into standing soybeans would allow for an extension 
of the fall growing season for winter canola and eliminate any changes to the conventional crop 
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rotation. The objective of this research was to determine the effect of seeding date on the 
performance of winter canola to produce sufficient AGB, canopy cover, and N accumulation to 
survive Iowa winter environments while also producing profitable yields as a third cash crop in 
rotation. 
Materials and Methods 
Plot background and experimental design 
The experiment was conducted during the 2017-2018 and 2018-2019 growing seasons at 
the Agricultural Engineering and Agronomy Research Farms located in Boone County near 
Ames, IA (42.02°N; 93.74°W; 354 m above sea level). In 2017-2018 plots were established at 
the farm site and designated ‘AEA’. Predominant soils at the site are Clarion loam (fine-loam, 
mixed, superactive, mesic Typic Hapludolls) and Webster silty clay loam (fine-loamy, mixed, 
superactive, mesic, Typic Endoaquolls). Soil samples collected to a depth of 15 cm in the fall of 
2017 indicated a mean P concentration (Bray-1) of 110 mg kg-1, K concentration (Mehlich-3 
extraction) of 289 mg kg-1, organic matter concentration (combustion analysis) of 4.1 g kg-1, pH 
of 6.5, and buffer pH of 7.1. In the 2018-2019 season, experimental plots were established at the 
Sorenson Farm (SOR) in a field with Nicollet loam (fine-loam, mixed, superactive, mesic Aquic 
Hapludolls), and Clarion loam as the predominant soil series. Initial soil samples were not 
collected at this site. 
Weather information was recorded at a site (weather station Ames-8-WSW; 42.02°N, 
93.77°W) located within 4 km of the test plots. Data were obtained from the Iowa Environmental 
Mesonet online database, and included values on daily precipitation, daily high and low 
temperatures, daily growing degree-days (GDD) (Base = 4.5°C, Max = 30°C), and snow depth 
from 1 September to 1 June for both years.  
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A common soybean variety with a relative maturity of 2.6 (2017) and 2.7 (2018) was 
planted using 76 cm row spacing. Experimental plots were established in a completely 
randomized block design. In 2017, there was unequal replication among treatments due to 
machinery error, but all treatments had four replications established in 2018 (Table 3.1). Plot 
dimensions were ten rows or 3.05 m wide by 15.2 m in length. A seeding treatment was 
randomly assigned to each plot. Treatments for seeding were: seeding at optimum planting date 
with boom lowered (ODBL), optimum planting date with boom raised (ODBR), seeding when 
the soybean canopy is 25-50% senesced (HSBL), seeding when the soybean canopy is fully 
senesced (FSBL), seeding prior to soybean leaf drop with boom lowered (LDBL), and seeding 
prior to soybean leaf drop with boom raised (LDBR). Seeding dates and soybean development 
stage at each treatment were recorded (Table 3.1, Figure 3.1). The optimum planting date for 
winter canola was obtained from previous research conducted in Iowa and was determined to be 
the first week of September for central Iowa (Martinez-Feria, 2015). Treatments with the boom-
lowered delivered the seed into the soybean canopy 30 cm from the soil surface, and the boom-
raised treatments delivered the seed 30 cm above the soybean canopy, an approximate height of 
1.3 m above the soil surface. At each seeding treatment, winter canola hybrid "Popular" (Rubisco 
Seeds, LLC, Philpot, KY) was seeded at a rate of 8.5 kg ha-1 using a custom high clearance cover 
crop seeder. Popular, (DL Seeds Inc. and Rubisco Seeds LLC), was recommended by Rubisco 
Seeds for its excellent fall growth, winter hardiness, and high yield ability. The custom high 
clearance cover crop seeder was made by attaching a Gandy (Gandy Co., Owatonna, MN) 
fertilizer box to a John Deere (Deere & Co., Moline, IL) model 4700 self-propelled sprayer. The 
sprayer booms were equipped with plastic drop tubes with 76 cm centers to allow seeding into a 
76 cm inter-row crop canopy (Figure 3.2, 3.3). Metal plates were attached to the bottom of each 
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drop tube to allow for even dispersal between soybean rows. Plot dimensions in 2017, were also 
reduced due to a malfunction with the high clearance cover crop seeder. Dimensions were 
reduced to 3 rows or 2.3 m by 15.2 m in length. In 2018, plot dimensions were as planned and 
seeded at 3.05 m wide by 15.2 m in length. Treatments LDBL and LDBR were not applied in the 
fall of 2018 due to growing season limitations.   
Preliminary data were collected for separate additional treatments in the fall of 2018. The 
additional treatment research was conducted in a separate randomized complete block design 
with four replications. Plot dimensions, seeding date, seed delivery into the soybean canopy, and 
seeding rate were equivalent to ODBL. Each block was randomly split in half, with the treatment 
applied in one half and the control of ODBL applied in the other half. Treatment RC (rolling 
cultivator) was designed to study the effect of a tilled seedbed and increase in seed-to-soil 
contact on winter canola fall growth. The RC treatment was implemented using a buffalo-rolling 
cultivator to lightly disturb the top few cm of topsoil and incorporate winter canola seeds 
immediately after broadcast seeding (Figure 3.4).  
Treatment SC (silage chop) was designed to investigate the effect plant canopy removal 
would have on winter canola establishment (Figure 3.5). The soybean canopy was removed one 
month prior to seeding using a John Deere forage harvester.  
Data Collection 
Performance indicators were analyzed to assess winter canola's viability as a rotational 
crop in Iowa. The indicators were: stand count, aboveground biomass (AGB), canopy cover, 
nitrogen (N) accumulation, winter survival, yield, and oil analysis. Samples and observations 
were recorded once before and once after soybean harvest on 19 October and 2 November, 
respectively, at AEA. Three sampling dates were conducted at SOR to better assess the full 
duration of the growing season. Data collection for the fall of 2018 was conducted on 18 
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October, 1 November, and 15 November. For the additional study treatments RC and SC, 
samples were collected only once on 25 October 2018. 
Data were collected from half-meter sample areas using a 76 x 66 cm frame laid at two 
random points in each experimental plot (Figure 3.6). The frame was centered on top of a 
soybean row, capturing winter canola seedlings on each side of the soybean row. The average of 
the two samples was used as an estimate for the whole plot. Digital photographs of the sample 
areas were obtained and were used to estimate canopy cover. The number of plants was 
recorded, and plants were clipped below the growing point. The harvested aboveground portion 
of the plants was dried in a forced-air oven at 60°C until constant weight and weights were 
recorded. Dry weights were used to calculate the AGB (kg ha-1). Winter canola biomass samples 
were ground using a cyclone mill. The biomass samples were analyzed in a laboratory to 
determine N and C concentration, which in turn was used to estimate a C:N of the biomass. Total 
N accumulation in the biomass was calculated as the product of N concentration and the estimate 
of the AGB, and was expressed in kg ha-1. Percent canopy cover of each sample area was 
estimated by overlaying a 100-intersections point grid object on top of the digital photograph. 
The grid was created using Microsoft PowerPoint and was adjusted every time to fit entirely 
within the sample area. The number of grid intersections that were superimposed over living 
canola canopy was counted and expressed as a percentage. The grid was repositioned within the 
sample area, and the process was repeated a second time. The average of the two counts was the 
estimate of the percent canopy cover of each image. Treatment SC and RC hypocotyl lengths 
were measured in mm from 10 plants in each block, measuring from the soil surface to the winter 
canola crown. 
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Statistical Analysis 
 Data for each environment were analyzed separately due to significant variations in fall 
growing season conditions and representative dates (DOY) (Day of Year), for seeding date 
treatments between environments. Analysis of combined data for both environments would have 
caused unfair comparisons on the effect of environment, seeding date treatment, and the 
interaction between environment and seeding date treatment.   
Data for each environment was analyzed using the following model: 
 
Yijk = μ + Blki + Trtj + Datek + Trt×Datejk + εijk 
(Model 3.1) 
where: Yijk is the response variable for winter canola performance (AGB, N accumulation, 
canopy cover),  μ the overall mean, Blki is the effect of the ith block, Trtj is the effect of the jth 
seeding treatment, Datek is the effect of the kth biomass sampling date, and εijk is the 
experimental error.  
The factor block was considered to be random, while the factors treatment and date were 
considered fixed. Statistical analysis was performed using a repeated measures statistical design 
Analysis of Variance (ANOVA); the means comparison procedure used was the least square 
means using the MIXED model procedure of SAS, with a comparison-wise error rate of α = 
0.05. 
Results and Discussion 
Weather Conditions 
2017 
Weather conditions greatly affected both seeding operations and winter canola seedling 
growing conditions in both years. The fall of 2017 was highlighted by hot and dry weather in late 
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August and early September, resulting in plots receiving only 46 mm of precipitation, about 45% 
of the historical climate average for September (Figure 3.7). Seedling growth for treatments 
ODBL and ODBR was affected by dry topsoil conditions, which did not receive any 
precipitation for 14 days before seeding and did not receive any precipitation until 10 days after 
seeding. Of the eight precipitation events in September, two consisted of more than 4 mm of 
precipitation, the most significant event being 21.7 mm. Leading up to and immediately 
following the 1st precipitation event on 17 September, there were nine days where temperatures 
exceeded 30°C, further drying out soil surface and the seedling environment. However, late fall 
precipitation events in October were slightly more than 2.5 times the climatic average, totaling 
155 mm. Temperatures in October were only slightly higher than the historical climatic average, 
and there were no days in which temperatures exceeded 30°C. 
Late fall and winter conditions made for challenging conditions for winter canola 
seedling and rosette growth The first date of -4.5°C occurred on 31 October (DOY 304). In 
November and December, temperatures below -4.5°C were recorded a total of 26 days, with the 
lowest recorded temperature in fall 2017 being -26.1°C (DOY 361). The first recorded snowfall 
resulting in measurable snow depth did not occur until 24 December (DOY 358). January and 
February 2018 were not conducive for overwintering winter canola. Measurable snow cover was 
present 21 days total, with a maximum depth of 20.3 cm on 11 February (DOY 42). However, 
harsh winter conditions from a polar vortex brought cold air temperatures, with the lowest 
recorded temperature of -30°C on 1 January (DOY 1), when there was minimal snow cover, 
leaving winter canola rosettes exposed to cold air temperatures. The last occurrence of 
temperatures below -4.5°C was recorded on 16 April (DOY 106).   
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2018 
The fall of 2018 contrasted with the fall of 2017, presenting different challenges to 
seeding treatments and growing conditions. August, September, and October were all 
characterized by above long-term mean precipitation, totaling 214 mm, 172 mm, and 123 mm, 
respectively, which accounted for 171%, 199%, and 195% above the climatic monthly average 
precipitation for each month (Figure 3.8). Excess precipitation led to saturated soils, making 
conditions unfit for machinery and subsequently the seeding treatments, ODBL and ODBR. 
These two treatments were postponed until soil conditions were suitable for machinery, causing 
both treatments to coincide with the same seeding date as HSBL (DOY 259). Fall temperatures 
were mild, remaining close to or slightly above long-term mean, with seven days in which 
temperatures exceeded 30°C.  The 1st date of temperatures below -4.5°C occurred on 9 
November (DOY 313), which resulted in more than a week longer growing season compared to 
the fall of 2017. However, after the first occurrence, in an eight-day span seven days recorded 
temperatures below -4.5°C. The first accumulated snowfall occurred on 17 November (DOY 
321). Mean winter temperatures were comparable to climatic averages. January and February 
each had more than 20 days of measurable snow on the ground, which aids in winter survival by 
providing insulation of winter canola rosettes during cold air temperatures. However, another 
polar vortex dropped down into central Iowa, bringing air temperatures as low as -30.6°C on 30 
January 2019 (DOY 30). Snow cover may not have provided insulation against these low 
temperatures. The last occurrence of -4.5°C was recorded on 31 March (DOY 90).   
Fall Growth 
Due to the importance of seeding date with winter canola establishment, AGB 
production, and other performance indicators (Martinez-Feria et al., 2016), this study was 
analyzed by year due to extreme differences in weather conditions between 2017 and 2018. The 
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differences in years were a direct result of abnormally dry late-summer and early-fall conditions 
in 2017 and excess precipitation in 2018. Because of these differences, different seeding dates 
were assigned to corresponding treatments in each year. Treatments ODBL and ODBR, which 
were to be seeded the first week in September, had a seeding date difference of 13 days between 
the environments. Earlier seeding dates provide winter canola seedlings with a longer growing 
season and more potential GDD accumulation for AGB production (Assefa et al., 2014; 
Martinez-Feria et al., 2016). The difference in treatment seeding dates in each environment 
would lead to inaccurate comparisons between treatment effects and Trt×Env effects on 
performance indicators.  
2017 
In 2017, an overall significant effect of seeding treatment (p-value=0.0002) and sampling 
date (p-value<0.0001) on AGB production was observed (Table 3.2). Analysis of these data also 
revealed that the interaction of Trt×Date produced a significant effect (p-value=0.0003); 
suggesting that AGB at different sampling dates varied significantly among seeding treatments.  
Fall AGB production was significantly greater in earlier seeding treatments compared to 
later seeding treatments (Table 3.3). Seeding date treatments ODBL and HSBL, which were 
seeded separately by 14 days, were not significant, producing 167 and 154 kg ha-1 of AGB, 
respectively (Table 3.3). However, these two treatments represented the highest AGB production 
and were significant different compared to all other treatments. Treatments ODBL and HSBL 
may not have differed significantly because of poor germination and growing conditions. The 
seeding environment for ODBL was dry, having not received any form of precipitation for 
thirteen days before seeding. Dry conditions persisted, with ODBL plots not receiving 
precipitation for ten days after seeding. The lack of precipitation resulted in a dry topsoil, making 
germination of winter canola seeds unlikely. The progressive decrease in soil moisture 
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availability in ODBL and ODBR plots delayed germination and establishment, causing 
simultaneous germination with HSBL treatments (Table 3.1), similar to study results from 
Martinez-Feria (2015).  
Balodis and Gaile (2011) determined that the hydrothermal coefficient was a good 
indicator in predicting emergence rates of rapeseed cultivars in different environments. 
Dependence on soil moisture, especially in the early growing season when air temperatures are 
still high that cause the soil surface and seed zone to dry out quickly, is critical for germination 
(Balodis and Gaile, 2011). The authors found that with drier soil conditions, both germination 
and establishment of winter canola seedlings can be reduced or hindered. Martinez-Feria (2015), 
also observed simultaneous germination between early and mid-September seeded treatments 
due to a lack of precipitation after early seeded treatments. Treatments seeded in mid-September 
received 20% less GDD but observed no differences in AGB and N accumulation between early 
seeded treatments due to no precipitation events for thirteen days after the early seeded treatment 
planting date. Previous research also showed that dry topsoil and seeding zones decreased canola 
seedling emergence (Blackshaw, 1991; Vigil et al., 1997). 
Above ground biomass production among treatments differed between fall biomass 
sampling dates (Figure 3.9). Treatments ODBL, ODBR, and HSBL increased in AGB production 
from sampling date 1 to sampling date 2, while FSBL, LDBL, and LDBR did not increase in 
growth. The earlier seeded treatments accumulated more growing degree days (GDD) and 
subsequently more biomass development (Table 3.3). From the treatment seeding date to the 
second sampling date, 2 Nov, GDD accrual was 686 for ODBL and ODBR, 541 for HSBL, 475 
for FSBL, and 338 for LDBL and LDBR (Table 3.4). In field experiments, Martinez-Feria 
(2015) determined that winter canola plants would need to accumulate between 491-541 GDD 
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after seeding to produce sufficient AGB and a rosette of five leaves for winter survival in Iowa. 
To reach germination, winter canola seedlings would require an accumulation of ~169 GDD, and 
subsequent winter canola leaf development would need approximately 69 GDD for each new 
leaf. Earlier seeded treatments are exposed to higher air temperatures during fall growth, which 
resulted in a greater accrual of GDD and a faster rate of leaf development and AGB production 
between sampling dates. However, despite sufficient GDD accumulation, treatments ODBL, 
ODBR, and HSBL did not produce a five-leaf rosette. Data for mean leaf number from sampled 
plants show that canola did not produce more than 3 leaves in any seeding treatment (Table 3.5). 
Delayed germination in treatments ODBL and ODBR from dry topsoil conditions possibly 
changed the total amount of GDD accrual needed for establishment of a five-leaf rosette.  
Nitrogen accumulation in 2017 showed a similar trend as AGB production. Seeding date 
treatment (p-value=0.0002), sampling date (p-value = 0.0001), and the interaction of Trt×Date 
(p-value=0.0028) were all significant (Table 3.2). The N accumulation for treatments ODBL and 
HSBL was not significantly different at each sampling date; however both treatments did 
accumulate significantly more N compared to all other treatments. Total fall N accumulation at 
the 2nd sampling date was 6.4 kg ha-1 for ODBL, 3.2 kg ha-1 for ODBR, 5.9 kg ha-1 for HSBL, 2.4 
kg ha-1 for FSBL, 0.6 kg ha-1 for LDBL, and 0.9 kg ha-1 for LDBR (Table 3.3). These results are 
somewhat predictable, in that N accumulation is dependent on AGB production (Martinez-Feria, 
2015). Similar results as above led to the significant interaction of Trt×Date, earlier seeded 
treatments were exposed to more GDD and were able to produce more AGB, therefore 
accumulating more soil-N between sampling dates than later seeded treatments. However, mean 
values for N accumulation in this study are lower compared to other cover crop and winter 
annual crop studies (Kaspar et al., 2011; Martinez-Feria et al., 2016); although, initial soil NO3 
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levels may have been significantly lower compared to these other studies. Martinez et al. (2016) 
observed that early-September seeded winter canola accumulated an average of 52.8 kg N ha-1, 
but postponing seeding to mid-September the same study year reduced winter canola 
accumulation to 5.3 kg N ha-1. Therefore, the results in this study of mid-September seeded 
treatments are similar to Martinez-Feria et al. (2016) in the uptake and accumulation of N. 
Sklenar (2015), observed winter canola accumulating a total of 29 kg N ha-1 in one fall, but a 
later seeding date the subsequent fall only resulted in an accumulation of 3 kg N ha-1.  In October 
planted plots, Appelgate et al. (2017), measured winter canola accumulating only 0.6 kg N ha-1, 
furthering the support that early seeded winter canola will accumulate more N. However, an 
estimate of only 6.4 kg ha-1 of N accumulation may not be considered sufficient to provide 
environmental services of reducing N losses to ground and drinking water.  
The results of this study indicate that the effect of seeding treatment on canopy cover was 
significant (p-value=<0.0001). Similar to AGB production and N accumulation, treatments 
ODBL and HSBL produced the greatest amount of canopy cover and were significant compared 
to all other seeding treatments. Canopy cover values at the second sampling date for seeding 
treatments ODBL and HSBL were 60.1% and 56.9%, respectively (Table 3.3). Cover crop 
canopy cover values over 30% are considered to be effective in reducing topsoil erosion (Daniel 
et al., 1999). Seeding treatments ODBL, ODBR, HSBL, and FSBL achieved canopy cover 
values over 30%, while treatments LDBL and LDBR did not, suggesting that winter canola 
seeded later than late-September will not effectively control soil erosion. However, it is worth 
pointing out that during the onset of winter, winter canola plants begin to cold acclimate. The 
cold acclimation process in winter canola sends carbohydrates and other nutrients from the 
rosette leaves down to the roots and crown of the plant to prepare for cold weather conditions. 
 46 
The effect of sampling date on winter canola canopy cover was non-significant (p-
value=0.1049); suggesting canola did not provide additional canopy cover after the first 
sampling date. After the initial winter canola establishment, the decrease in the rate of GDD 
accrual did not provide winter canola seedlings with enough solar energy for leaf development 
for greater soil cover.  
Sufficient plant density for adequate fall stand and yield of winter canola is typically 
between 80-150 plants m-2 (Assefa et al., 2014), but winter canola densities as low as 10 plants 
m-2 can produce equivalent yields to requisite spring canola stands (Johnson et al., 2004). 
Seeding treatments ODBL, HSBL, and FSBL were successful in achieving plants densities over 
80 plants m-2, while treatments ODBR, LDBL, and LDBR were not (Table 3.5). We think that 
higher plant densities are able to produce greater amounts of canopy cover and thus, provide 
more protection against soil erosion. Treatment ODBL, with the high clearance boom lowered, 
may have provided a more uniform dispersal of winter canola seed compared to treatment ODBR 
with the boom lowered. The more uniform seed dispersal in treatment ODBL may have reduced 
competition between canola seedlings for water, nutrients, and light; and promoted a higher 
success of plant establishment to provide significantly more canopy cover. 
We were able to identify at least two treatments, ODBL and HSBL that have the potential 
to overwinter, given previous research from Martinez-Feria (2015). The early seeded treatments 
were exposed to sufficient GDD and were similar in terms of AGB, N accumulation, and canopy 
cover to mid-September seeded winter canola plots in Martinez-Feria (2015). However, survival 
of winter canola is highly dependent on the development of at least a five-leaf rosette (Sidlaukis 
and Rife, 2004; Velicka et al., 2006; Balodis and Gaile, 2011; Boyles et al., 2012). No treatments 
in this study produced average canola leaf counts of at least five leaves (Table 3.5). In fact, the 
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highest average leaf count recorded during sampling date 2 was HSBL with 2.9 leaves plant-1. 
There were no plots in this study that survived the harsh weather conditions of 2017 and 2018, 
supporting previous research that canola does need to develop more leaves and nutrient reserves 
for winter survival.  
2018 
Late August and early September precipitation postponed seeding treatments ODBL and 
ODBR from early September to 18 September, almost two weeks past initial planning (Table 
3.1). Treatments ODBL, ODBR, and HSBL were seeded on the same day and were identical in 
all pre-plant activities and seeding date. Treatments ODBL and HSBL were applied with the 
high clearance seeder boom lowered, and treatment ODBR was applied with the boom raised. 
Results indicate a significant seeding treatment difference for AGB production and N 
accumulation indicators that were measured (Table 3.2), but no significance of the effect of 
seeding treatment on winter canola canopy cover. However, the effect of sampling date was 
significant for all performance indicators, but the interaction of Trt×Date was nonsignificant for 
all three indicators (Table 3.2).  
In general, for ABG and N accumulation the three early seeded treatments, ODBL, 
ODBR, HSBL, did not significantly differ from each other, but were significantly higher than the 
latest seeding treatment, FSBL. Therefore, there was a significant seeding date treatment effect 
(p-value=<0.0001) on AGB. Winter canola AGB were 46.7 kg ha-1 for ODBL, 45.9 kg ha-1 for 
ODBR, 47.2 kg ha-1 for HSBL and 24.6 kg ha-1 for FSBL (Table 3.3). Mean values for AGB, N 
accumulation, and canopy cover for seeding treatments in table 3.3 are for sampling date 2. I 
think data comparisons between environments for performance indicators are more accurate 
using sampling date 2 in both environments. Although sampling date 3 was significant compared 
to sampling date 2 in terms of AGB production, the first day with temperatures below -4.5°C 
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occurred before sampling date 3. The cooler temperatures and freeze date before sample date 3 
initiated the onset of winter and cold acclimation period for winter canola. It is interesting to 
point out that a six-day difference in seeding date between the early seeding treatments and 
FSBL treatment resulted in a ~50% reduction in AGB production. This observation strengthens 
the assumption that seeding date and the amount of GDD accumulation is a significant factor in 
the success of winter canola AGB production. Martinez-Feria (2015) found that a two-week 
difference in seeding date resulted in later seeding treatments receiving 0.45 times fewer GDD 
that resulted in a 10.5 fold decrease in AGB production. 
As assumed in the AEA environment, date also had a significant effect when measuring 
AGB production at SOR (p-value=0.0001). Winter canola seedlings in all treatments produced 
significant amounts of AGB between sampling dates (Figure 3.10); however the interaction 
between Trt×Date was not significant, meaning that treatments did not significantly differ 
between sampling dates.  
 Unlike 2017, precipitation in 2018 was adequate to excessive and did not hinder 
germination. The combination of warmer temperatures and moister soil conditions in mid-
September allowed winter canola seedlings to germinate and establish. However, low AGB 
production was likely due to a lack of GDD accrual throughout the fall. Temperatures in late 
September and October of 2018 were milder than the fall of 2017, leading to fewer GDD for 
winter canola growth. From 18 September (seeding date for the first three treatments) to 1 Nov, 
the second sampling date; there was a total of 347 GDD (Table 3.5). Biomass production and 
leaf number are both dependent on heat unit accumulation (Sidlaukis and Rife, 2004; Martinez-
Feria, 2015). None of the four treatments received the 491-542 GDD needed to develop a five-
leaf rosette. In order to accumulate the lower range of the predicted GDD value, winter canola 
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would have to have been seeded on 9 September. This fact strengthens the notion that seeding 
winter canola earlier exposes winter canola to more heat units critical for successful plant 
establishment and development for winter survival.  
Nitrogen accumulation at SOR showed a similar trend to AGB production (Table 3.2). 
Both seeding date treatment and date were significant (p-value=<0.0001) for both factors. Like 
the AEA environment, SOR plots that were seeded early received a greater amount of GDD, 
produced more AGB, and accumulated for N than plots that were seeded later and received a 
lower amount of GDD. These results agree with (Martinez-Feria, 2015). All treatments 
accumulated significantly more N across sampling dates (Figure 3.4).  
 Seeding treatment effect on canopy cover was not significant (p-value=0.1170). 
However, all treatments produced canopy cover values over 30%. According to Daniel (1999), to 
be considered useful for protection against soil erosion, cover crops and winter annual crops 
need to have a ground cover of at least 30%. Low plant densities and AGB production were the 
contributing factors affecting the low percentage of ground cover from winter canola. No 
treatment in 2018 retained a plant density of over 70 plants m-2, which reduced the amount of 
topsoil being covered by canola vegetation (Table 3.5). Optimal winter canola plant densities for 
adequate fall growth and subsequent spring growth and yield fall between 80-150 plants m-2 
(Assefa et al., 2014). 
We were unable to identify treatments in 2018 that would support winter canola being 
successfully implemented into a corn-soybean rotation in Iowa. The fall of 2018 did not 
accumulate adequate heat units for winter canola survival before the onset of winter. Winter 
canola would have to been seeded close to the first week of September according to Martinez-
Feria (2015) in order to accumulate sufficient GDD for plant growth and development.  
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Further Discussion 
 Regardless of the seeding treatment, no winter survival of the winter canola was 
observed in either year due to the complete winterkill of all canola plants. Most likely the cold 
temperatures and lack of snow cover during the 2017-2018 and 2018-2019 winters were too 
severe, resulting in plant death. Fall establishment and winter survival are two of the most 
significant challenges to the adoption of winter canola in the Great Plains (Holman et al. 2011) 
and Upper Midwest (Martinez-Feria, 2015). Winter canola plants require a period of cold 
acclimation, accumulating metabolites to combat cold stress-induced intracellular ice formation 
(Jankovska-Bortkevič et al., 2019). Ice formation and cold stress lead to a loss of cell membrane 
integrity and desiccation, causing plant death (Smallwood et al., 2002). Successful cold 
acclimation and winter survival can be predicted by canola plant development. Studies have 
concluded that in order for successful winter survival, plants need to develop a healthy rosette of 
five to eight leaves (Sidlaukis and Rife, 2004; Velicka et al., 2006; Balodis and Gaile, 2011; 
Boyles et al., 2012). Plants with fewer than five leaves typically do not store a sufficient amount 
of reserves for improper survival of winter conditions (Boyles et al., 2012). Only four plant 
subsamples of the 1701 collected from biomass sampling found winter canola plants with at least 
five leaves, all other subsamples, even in the latest sampling date (15 Nov 2018), had winter 
canola plants with fewer than five leaves.  
Multiple sources of limitations likely influenced the lack of winter survival in 2018 and 
2019. Martinez-Feria (2015) found that after germination, 69.1 GDD were required for the 
development of new leaves; therefore, to develop a five-leaf rosette, winter canola plants would 
need to accrue approximately 374 GDD. In 2018, ODBL, ODBR, and HSBL accrued a total of 
419 GDD from emergence on 22 Sep to 2 Nov (Table 3.5). This study differs from Martinez-
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Feria et al., (2015) in that this study used broadcast seeding into a standing crop while Martinez-
Feria drilled his plots in prepared seedbed.   
To overcome potential limitations from the described differences comparing this study to 
Martinez-Feria et al. (2015), the two additional study comparisons involving a tillage application 
and soybean canopy removal were introduced. However, preliminary data show that the effect of 
tillage on AGB was not significant (p-value=0.1538). Mean estimates for the tilled treatment vs. 
broadcast seeding control were 35 kg ha-1 and 27 kg ha-1, respectively, when sampled on 25 Oct. 
Neither the tillage treatment nor the control developed a five-leaf rosette and survived the 2018-
2019 winter (Results not presented).  
Although the elongation of the apical bud results in greater nutrient uptake, the 
elongation limits winter survival of winter canola (Holman et al., 2011). The soybean canopy in 
this study may be a cause for concern, promoting competition and subsequent stem elongation of 
winter canola seedlings. An elongated hypocotyl leaves the apical bud exposed to colder 
temperatures, therefore enhancing susceptibility to cold stress and plant death. The effect of 
removal of the soybean canopy was significant (p-value=0.0001) for stem length of winter 
canola plants when compared to the tilled treatment and the control (Figure 3.11). However, 
even with apical buds closer to the soil surface, canola plants winterkilled when the associated 
soybean canopy was removed. The RC and SC study treatments were seeded 18 September, the 
same day as the original study treatments ODBL, ODBR, and HSBL. Due to late seeding, RC 
and SC did not have sufficient heat units for winter survival.   
Conclusion 
The establishment and winter survival of winter canola in Iowa environments is limited 
by insufficient GDD accumulation and proper plant development to survive winter weather 
conditions. Three seeding treatments in 2017, ODBL, ODBR, and HSBL accumulated the 
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predicted GDD needed for winter survival and produced significant performance indicator values 
to provide environmental services. However, the lack of leaf development to a five-leaf rosette 
coupled with winter weather conditions led to complete winterkill. Unfavorable environments, 
particularly in dry years that hinder winter canola germination or wet years that postpone seeding 
operations and delay plant establishment are not conducive to the successful overwintering 
potential of winter canola. Delayed seeding from the first week of September to mid and late 
September significantly affects the production of winter canola AGB and N accumulation. 
Winter canola plants with seeding dates past mid-September and delayed establishment do not 
appear to rapidly increase performance indicators or plant development, likely from the 
decreasing rate of heat units as the fall progresses towards the onset of winter. However, seeding 
of winter canola throughout September has the potential to produce valuable canopy cover 
percentages of over 30% to reduce topsoil erosion throughout the fall. Because all canola plots 
winterkilled in both environments seeding winter canola in Iowa is risky. Results from this 
research indicate that winter canola is poorly adapted to Iowa weather conditions, and is a risky 
agronomic practice to incorporate into a corn-soybean cropping system. Further research is 
needed in understanding the effect of the soybean canopy on winter canola growth and 
development. The soybean canopy limits light penetration to canola seeds and seedlings 
throughout soybean leaf senescence, promoting the elongation of the hypocotyl and apical 
meristem. Only one variety was used in this study to determine the effects of seeding treatment 
on canola performance indicators. Other varieties with more vigorous fall growth and better 
winter survival traits may increase the possibility of winter survival in Iowa environments. 
Results from this study do not provide confidence in recommending use of winter canola in Iowa 
as an oilseed at this time. 
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Figures and Tables 
Table 3.1. Seeding treatments replications, seeding date, and soybean development 
stage for 2017-2018.  
Year Treatment1 Replications Seeding Date 
Soybean 
Development 
Stage2 
2017 ODBL 4 7-Sep R5 
 ODBR 2 7-Sep R5 
 HSBL 2 15-Sep R6.5 
 FSBL 4 19-Sep R7 
 LDBL 3 28-Sep R8 
 LDBR 3 28-Sep R8 
2018 ODBL 4 18-Sep R6 
 ODBR 4 18-Sep R6 
 HSBL 4 18-Sep R6 
 FSBL 4 24-Sep R7 
 RC 4 18-Sep R6 
 SC 4 18-Sep R6 
1 ODBL: Optimum date – boom lowered 
  ODBR: Optimum date – boom raised 
  HSBL: Soybean plant leaves at half senescence – boom lowered 
  FSBL: Soybean plant leaves full senescence – boom lowered 
  LDBL: Soybean leaf drop – boom lowered 
  LDBR: Soybean leaf drop – boom lowered 
  RC: Rolling cultivator post seeding 
  SC: Soybean canopy removal  
2 Licht, M.A. 2014. Soybean Growth and Development. Iowa State University Extension and 
Outreach. PM 1945. Ames, IA. 
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Table 3.2 Effect of seeding treatment (TRT), sampling date (DATE), and TRT×DATE in 2017 and 2018  
on winter canola performance indicators during fall growth. 
   
2017 2018 
  TRT DATE TRT×DATE TRT DATE TRT×DATE 
Indicator Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F 
Above Ground Biomass (AGB) 0.0002 <0.0001 0.0003 <0.0001 <0.0001 0.1884 
N Accumulation 0.0002 <0.0001 0.0028 <0.0001 <0.0001 0.2266 
Canopy Cover <0.0001 0.1049 0.4050 0.1170 <0.0012 0.8875 
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Table 3.3. Mean values for winter canola performance indicators during biomass collection at sampling date 2 (2 November, 2017; 1 
November, 2018).  
 
    Seeding Treatment2 
Indicator   Units Year ODBL ODBR HSBL FSBL LDBL LDBR 
Above Ground Biomass kg ha-1 2018 167a3 80.2b 153.5a 52.5b 11.9c 18.7c 
   2019 46.7a 45.9a 47.2a 24.6b   
          
N Accumulation kg ha-1  6.4a 3.2b 5.9a 2.4b 0.6c 0.9bc 
    2.2a 2a 2.1a 1.1b   
          
Canopy Cover %  60.1a 34.9b 56.9a 35.1b 17.2c 31bc 
       42.1a 40.6a 39.3a 34.2a     
2 ODBL: Optimum date – boom lowered 
  ODBR: Optimum date – boom raised 
  HSBL: Soybean plant leaves at half senescence – boom lowered 
  FSBL: Soybean plant leaves full senescence – boom lowered 
  LDBL: Soybean leaf drop – boom lowered 
  LDBR: Soybean leaf drop – boom lowered 
3Treatments with the same letter are not significant at α=0.05 within rows 
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Table 3.4. Growing degree day (GDD) accumulation by sampling date for seeding treatments. 
 
Site Treatment 
Seeding 
Date 
Days to 
Emergence 
GDD to 
Emergence 
2GDD to 
Sampling 
Date 1 
(from 
emergence) 
3GDD to 
Sampling 
Date 2 
(from 
sample 
date 1) 
3GDD to 
Sampling 
Date 3 
(from 
sample 
date 2) 
1Total GDD 
Accumulation 
AEA ODBL 7-Sep 15 268 326 73 -- 667 
 ODBR 7-Sep 15 268 326 73 -- 667 
 HSBL 15-Sep 7 143 326 73 -- 542 
 FSBL 19-Sep 7 151 252 73 -- 476 
 LDBL 28-Sep 9 129 148 73 -- 350 
 LBDR 28-Sep 9 129 148 73 -- 350 
         
SOR ODBL 18-Sep 9 141 140 90 15 386 
 OBDR 18-Sep 9 141 140 90 15 386 
 HSBL 18-Sep 9 141 140 90 15 386 
 FSBL 24-Sep 10 104 81 90 15 290 
1Growing degree day (GDD) Base=4.5°C Max= 30°C  
2Sampling date 1. 2017 = 19 October | 2018 = 18 October 
3Sampling date 2. 2017 = 2 November | 2018 = 1 November 
4Sampling date 3. 2018 = 15 November 
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Table 3.5. Seeding treatment mean plant density and plant leaf number at sampling date 2 (2 November 2017 and 1 November 2018).   
 
      Seeding Treatment 
Indicator Units Year ODBL ODBR HSBL FSBL LDBL LDBR 
Plant Density Plants m-2 AEA 124 67 95 83 46 76 
  SOR 74 65 70 70 -- -- 
         
Leaf Number Leaves Plant-1 AEA 2.7 2.2 2.9 2.3 1 1 
  SOR 2.7 2.5 2.5 1.7 -- -- 
 
 
 
 
60 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Soybean images and growth stages at respective seeding treatments 
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Figure 3.2. High clearance machine calibration. 
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Figure 3.3. High clearance machine in use applying treatment HSBL, 15 Sep 2017 
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Figure 3.4. Buffalo rolling cultivator – treatment RC 
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Figure 3.5. Soybean canopy removal – treatment SC 18 Sep 2018 
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Figure 3.6. Quadrat and canopy cover image used during biomass collection – treatment ODBL, 
sampling date 1, 19 Oct 2017 
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Figure 3.7. Temperature and precipitation at Agricultural Engineering and Agronomy Farm 
(2017-2018) 
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Figure 3.8. Temperature and precipitation at Sorenson Farm (2018-2019). 
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Figure 3.9. Mean (±SE) of a) above ground biomass b) N accumulation and c) canopy cover of 
treatment by date at AEA during fall biomass data collection. ODBL: Optimum date – boom 
lowered, ODBR: Optimum date – boom raised, HSBL: Soybean plant leaves at half senescence – 
boom lowered, FSBL: Soybean plant leaves full senescence – boom lowered, LDBL: Soybean 
leaf drop – boom lowered, LDBR: Soybean leaf drop – boom lowered. Treatments with same 
letter are not significantly different at α=0.05 
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Figure 3.10. Mean (±SE) of a) above ground biomass b) N accumulation and c) canopy cover of 
Treatment by Date at Sor during fall biomass data collection. ODBL: Optimum date – boom 
lowered, ODBR: Optimum date – boom raised, HSBL: Soybean plant leaves at half senescence – 
boom lowered, FSBL: Soybean plant leaves full senescence – boom lowered, LDBL: Soybean 
leaf drop – boom lowered, LDBR: Soybean leaf drop – boom lowered. Treatments with same 
letter are not significantly different at α=0.05 
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Figure 3.11. Mean (±SE) of hypocotyl length in side study cultivation and soybean 
canopy removal treatments. RC: Rolling cultivator post seeding, SC: Soybean canopy removal. 
Treatments with same letter are not significantly different at α=0.05 
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CHAPTER 4.    EVALUATION OF WINTER CANOLA VARIETIES IN CENTRAL 
IOWA 
Abstract 
Winter canola (Brassica napus) grown as a cover crop or as an alternative oilseed crop 
has the potential to provide environmental and economic benefits. However, winter canola does 
not consistently overwinter in Iowa and other regions of the Midwest. Therefore, we collaborated 
with the National Winter Canola Variety Trial to investigate the effect of different varieties on 
the potential of winter canola successfully overwintering and producing adequate yields in Iowa 
environments. In 2017-2018, 38 varieties and in 2018-2019, 30 varieties of winter canola were 
assessed based on fall stand establishment, winter survival, and yield. This study included 
varieties, both hybrid and open-pollinated, that were available for commercial release, as well as 
unreleased breeding lines provided by Kansas State University. Our results indicate that there are 
significant differences among varieties in all three categories, but identification of high 
performing varieties was not established. Results from this study determine that winter canola 
has the potential to produce excellent fall stands, have overwintering success of over 85%, and 
produce yields close to 1000 kg ha-1. However, poor environmental conditions resulted in both 
insufficient heat unit accumulation and a decrease in yield components that negatively affected 
fall stand, winter survival, and yield of canola plots. However, number of entries did show 
potential for success in Iowa if they are seeded early in the fall, weed management is adequate 
and there are mild weather conditions.   
Introduction 
Canola (Brassica napus) is a cool-season annual type oilseed crop grown for its edible oil 
properties and as a source of protein in animal feed rations. Through traditional breeding efforts 
in Canada, researchers developed a rapeseed cultivar containing less than 2% erucic acid in its 
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seed oil and <30 μg g-1 of glucosinolates in the defatted meal; thus, naming the new variety and 
its products ‘Canola’ (Assefa et al., 2014). Canola is the second largest oil crop produced in the 
world, the second largest source of animal protein meal, and the third largest source of vegetable 
oil (USDA-FAS, 2019). Canola has two types of cultivars depending on growth habit, spring and 
winter type. Spring type cultivars are seeded in late winter or early spring, while winter type 
cultivars are seeded in the late summer or early fall. In North America, spring type varieties 
occupy a majority of the land area cultivated for canola, predominantly in Canada and parts of 
the upper Great Plains of the U.S. However, through efforts in breeding and research and with 
increasing domestic demand for canola products, winter canola has begun to be incorporated into 
cropping systems across many regions of the U.S. Winter canola production in the U.S. is 
primarily located in the Pacific Northwest and southern Great Plains regions, but demand for 
alternative crops in rotation has pushed winter canola into other areas of the country such as the 
Southeast and Midwest (Brown et al., 2008). 
Implementing winter canola into production creates cropping system diversity and serves 
as an alternative crop for enhanced financial and environmental benefits. Winter canola in 
rotation with wheat has been shown to increase wheat yields by 10-20% and reduce weed and 
insect pressure compared to monoculture wheat systems (Boyles et al., 2012; Bushong et al., 
2012). Several winter canola hybrids are developed with herbicide resistance technology 
including glyphosate (Roundup Ready), glufosinate (Liberty Link), triazine, and imidazolinone 
for improved weed control in cropping systems (Beckie, 2013). Winter canola and some other 
Brassicaceae species produce glucosinolates that are broken down into toxic compounds known 
as isothiocynates (Fenwick et al., 1982). These compounds can produce an allelopathic effect, 
impacting weed seed establishment; enhancing canola’s competiveness for soil water and 
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nutrients (Grodzinksy, 1992; Brown and Morra, 1997). Furthermore, winter canola can provide 
environmental services by reducing topsoil erosion and nitrate (NO3) leaching. Brassica species 
have the ability to take up residual nitrogen (N) due to their quick establishment and fall growth, 
as well as development of a long taproot that can access deeper water and available N (Brown et 
al., 2008; Dabney et al., 2010). In Iowa, winter canola seeded as a cover crop in early September 
has the potential to accumulate 60 kg ha-1 of residual N and produce 70% canopy cover 
(Martinez-Feria et al., 2016). 
Gailans (2017) studied the effect of adding winter canola and winter wheat into a 
traditional corn-soybean crop rotation in central Iowa. Rotations including winter canola 
provided 33% more mean annual groundcover; reducing the potential for soil erosion by over 
70% during heavy spring precipitation event timeframes. Although these systems provide 
environmental services, they struggle to compete financially against the conventional corn and 
soybean crop rotations. An economic analysis in other Iowa studies suggests that winter canola 
yield potential and optimum N use needs to be better understood in order to successfully 
diversify conventional systems using winter canola (Martinez-Feria, 2015). Winter canola 
production in Iowa is also limited by growing season length and winter conditions. Winter 
canola has not been shown to consistently overwinter in Plant Hardiness Zone 5 (Rife and Zinali, 
2003; Martinez-Feria, 2015; USDA, 2019). Martinez-Feria (2015) experienced complete 
winterkill in one site year, despite canola plants developing five or more leaves before the onset 
of winter.  
Further investigation of winter canola’s potential as a cover crop or alternative winter 
annual crop in Iowa is needed to understand the environmental and economic benefits of winter 
canola production. Therefore, we collaborated with the National Winter Canola Variety Trial 
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(NWCVT) to investigate the effect of variety on winter canola productivity in Iowa. The 
objectives of the study were to evaluate which varieties were best suited to for use in Iowa as a 
cover crop or oilseed crop. This evaluation was determined by collecting information and 
making observations on the fall growth, winter survival, and yield on over 30 different varieties 
over two growing seasons. Producers and other researchers can use the results from the NWCVT 
to aid in selecting winter canola hybrids and open-pollinated varieties for successful 
implementation in Iowa. 
Materials and Methods 
Plot background and experimental design 
The field experiment was conducted during the 2017-2018 and 2018-2019 growing 
seasons at the Iowa State University Agricultural Engineering and Agronomy Research Farms, 
located in Boone County near Ames, IA (42.02°N; 93.74°W; 354 m above sea level). During 
both growing seasons, experimental plots were established at the Iowa State University Mardsen 
Farm, predominant soils at the site are Clarion loam (fine-loam, mixed, superactive, mesic Typic 
Hapludolls) and Webster silty clay loam (fine-loamy, mixed, superactive mesic, Typic, 
Endoaquolls). Soil samples collected to a depth of 15 cm in the fall of 2017 indicated a mean P 
concentration (Mehlich-3 extraction) of 107.5 mg kg-1,  K concentration (Mehlich-3 extraction) 
of 309 mg kg-1, sulfate-sulfur concentration of 3.3 mg kg-1, organic matter concentration 
(combustion analysis) of 4.4 g kg-1, pH of 6.5, and buffer pH of 7.1. Initial soil samples were not 
collected before planting in the fall of 2018.  
Weather information was recorded at weather station Ames-8-WSW (42.02°N, 93.77°W) 
located within 4 km of the test plots. Data were obtained from the Iowa Environmental Mesonet 
online database, and included values on daily precipitation, daily high and low temperatures, 
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daily growing degree-days (GDD) (Base = 4.5°C, Max = 30°C), and snow depth from 1 
September to 1 June for each year. 
Seedbed Preparation and Fertilizer 
In both environments the variety trial followed oat (Avena sativa L.). After oat harvest, 
plots were tandem disked and followed by an application and incorporation of 74 kg ha-1 of 
ammonium sulfate fertilizer. The fertilizer supplied 39 kg N ha-1 and 45 kg S ha-1. In the spring 
before winter canola regrowth, a top dress application of 182 kg ha-1 of urea fertilizer coated with 
Agrotain (Koch Industries) with an analysis of 40-0-0-9 was applied; supplying plots with 73 kg 
N ha-1 and 16 kg S ha-1. Fertility recommendations were drawn from Boyles et al. (2012). 
Treatment Description 
Entries were divided into two classes, hybrid and open-pollinated. Each class of varieties 
was replicated four times in a randomized complete block design (Table 4.1). Plot dimensions 
were 1.5 m x 7.6 m. Plots were planted side by side with a border pass in between for separation. 
A common variety ‘Wichita’ was planted in each block as a check. Seed for the variety trial were 
treated with a fungicide and insecticide by the company supplying each entry. Varieties were 
drilled using an Almaco (ALMACO, 2017). cone plot drill in 15 cm rows, for a total of 10 rows 
per pass. Hybrid varieties were planted at a 121,400 pure-live-seed (PLS) ha-1 and open-
pollinated varieties were planted at 202,300 PLS ha-1; both rates were recommended by the 
NWCVT protocols. Germination percentages, thousand seed weights, and planting packets were 
supplied by Kansas State University for accuracy of planting rate. Planting dates for the variety 
trial were 5 September and 19 September for the fall of 2017 and 2018, respectively. The 
targeted planting date for early September was determined by previous winter canola seeding 
research by Martinez et al. (2016).  
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Data Collection 
Fall stand ratings were visually rated based on a 0 to 10 scale with 0 = no stand and 10 = 
excellent, or a percentage rating of plants emerged. Fall stand ratings were conducted in late fall 
when presumed fall growth had ceased, i.e. forecasted weather showed minimal potential heat 
unit accumulation. The basis for the visual fall stand rating was to comply with NWCVT 
protocol. Plots with well-established stands that appeared to have higher percentages of 
germination and establishment were given higher scores. Winter survival ratings were visually 
estimated as a percentage of established plants that have survived the winter. Ratings were 
reported as a whole number between 0 and 100. Ratings were recorded after danger of further 
winter loss had passed, i.e. after the average last spring freeze date. Bloom date for each variety 
was recorded when 50% of the plants in a plot had one or more open flowers and reported as 
days after January 1 (i.e., April 1 = 91). Height was recorded at peak flowering, measured in cm.  
Harvest of all plots was conducted on 3 July and 20 July in 2018 and 2019, respectively. 
Harvest was determined when 90% of plots had reached physiological maturity, or when seed 
color changed to brown/black on the secondary branches of plants. An attempt to combine 
harvest was made in 2018, but a mechanical breakdown of the combine precluded completion. In 
2019, combine harvest was not practical due to low plant population and high weed density. 
Instead, a 0.5 m2 quadrat was placed in a representative section of each plot. Plants were clipped 
below the lowest pod and placed in bags and dried at ambient air temperature for 3-5 days. Plants 
were removed from the bags and threshed using an Almaco small bundle thresher. Seed was 
separated from the chaff and weighed, and yield calculated to a kg ha-1 basis.  
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Statistical Analysis 
Data for each environment were analyzed separately due to significant variations in fall 
growing season conditions and planting date.  
Data for each environment was analyzed using the SAS PROC GLM procedures in SAS 
statistical software (SAS Institute, 2007). Main effects of variety were analyzed in an ANOVA 
based on a randomized complete block design for fall stand ratings, winter survival ratings, and 
yield. A LSD was calculated for mean comparisons at a significance level of 0.05 (Fischer, 
1935).  
Results and Discussion 
Weather Conditions 
Weather conditions greatly affected both seeding operations and winter canola seedling 
growing conditions in both years. The fall of 2017 was highlighted by hot and dry weather in late 
August and early September, resulting in plots receiving only 45.7 mm of precipitation, about 
45% of the historical climate average for September (Figure 4.1). Winter canola seedling growth 
was affected by dry topsoil conditions, which had not received meaningful precipitation for 14 
days before seeding and did not receive any precipitation until ten days after seeding. Of the 
eight precipitation events in September, two consisted of more than 4 mm of precipitation; the 
most significant event had 22 mm. Leading up to and immediately following the 1st precipitation 
event on 17 September, there were nine days where temperatures exceeded 30°C, further drying 
out topsoil and the seedling environment. However, late fall precipitation events in October were 
slightly more than 2.5 times the 30-year average, totaling 154 mm. Temperatures in October 
were only slightly higher than the long-term average, but no days in which temperatures 
exceeded 30°C. 
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Late fall and winter conditions made winter canola seedling and rosette growth 
challenging. The first date of -4.5°C occurred on 31 October (DOY 304). In November and 
December, temperatures below -4.5°C were recorded a total of 26 days, with the lowest recorded 
temperature in fall 2017 being -26.1°C (DOY 361). The first recorded snowfall resulting in 
measurable snow depth did not occur until 24 December (DOY 358). January and February were 
not conducive to overwintering of winter canola. Measurable snow cover was present 21 days 
total, with a maximum depth of 20.3 cm on 11 February (DOY 42). However, harsh winter 
conditions from a polar vortex brought frigid temperatures, with the lowest recorded temperature 
of -30°C on 1 January (DOY 1), when there was minimal snow cover, leaving winter canola 
rosettes exposed to ambient air temperatures. The last occurrence of temperatures below -4.5°C 
occurred on 16 April (DOY 106).  
Early spring conditions in 2018 were drier and colder than normal. The mean monthly 
temperature in April was 5°C below the long-term average. The last incidence of temperatures 
below -4.5°C occurred on 16 April (DOY 106) and the month of April recorded 2 days with 
snow cover. The combination of low temperatures and drier weather limited winter canola spring 
regrowth. May and June 2018 recorded warm temperatures and substantial precipitation. A total 
of 281.9 mm of precipitation fell in the month of June, 2.2 times more than the climatic average. 
On 14 June (DOY 165), a total of 107.4 mm of precipitation, including significant amounts and 
size of hail, damaged winter canola plots and dislodged pods to the ground and bruised stems. 
Precipitation events continued to occur throughout late June, but temperatures remained warm, 
with 10 days between the hailstorm and harvest (3 July, DOY 184) recording temperatures above 
30°C. 
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 The fall of 2018 contrasted the fall of 2017, presenting different challenges to seeding 
canola and subsequent growing conditions. August, September, and October were all 
characterized by excessive precipitation, totaling 213.6 mm, 171.5 mm, and 123.2 mm, 
respectively, which accounted for 171.2%, 198.9%, and 194.6% above the long-term monthly 
average precipitation for each month. Excess precipitation led to saturated soils, making 
conditions unfit for machinery and plot planting. Canola planting was delayed until soil 
conditions were suitable for machinery, postponing planting until 19 September (DOY 259). Fall 
temperatures were close to or slightly above the long-term mean, with seven days in which 
temperatures exceeded 30°C.  The first date of temperature below -4.5°C occurred on 9 
November (DOY 313), which resulted in more than a week longer growing season compared to 
the fall of 2017. However, after that first occurrence, in an eight-day span seven days recorded 
temperatures below -4.5°C.  The first accumulated snowfall occurred on 17 November (DOY 
321). Mean winter temperatures were comparable to climatic averages. January and February 
both had more than 20 days of measurable snow depth, which aids in winter survival by 
providing insulation of winter canola rosettes from ambient air temperatures. However, another 
polar vortex dropped down into central Iowa, bringing air temperatures as low as -30.6°C on 30 
January (DOY 30). Snow cover may not have provided insulation against these low 
temperatures. The last occurrence of -4.5°C was recorded on 31 March (DOY 90).   
Spring 2019 began with below long-term mean air temperatures and drier conditions in 
March. The last occurrence of temperatures below -4.5°C was recorded on the last day of March 
(DOY 90). April temperatures were mild, but the month’s weather conditions were significantly 
drier. A total of 49.3 mm of precipitation fell during the month, only 50.2% of the climatic 
average. However, precipitation in May was abundant, with a total of 211.3 mm, replenishing 
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soil water. June temperatures and precipitation were mild and close to average, with only 5 days 
recording temperatures above 30°C. Late June and early July dry brought very warm 
temperatures, causing some pods to dry out quickly and shatter before plots were harvested.    
Variety Results 
Results from the 2017-2018 study year the effect of variety on winter canola fall 
establishment was significant (p-value=<0.0001). Mean fall stand ratings for varieties ranged 
from 4.66 for MH 15HIB002 to 7.75 for varieties KS4670, KSUR1211, and Sumner (Table 4.4). 
However, the top 16 varieties were similar to each other. The mean fall stand rating for all 
varieties was 6.54, with a standard deviation of 0.998. The median value for fall stand count 
between all varieties was 7. In the 2018-2019 study year, there was also a significant difference 
between variety fall stand establishment (p-value=<0.0001). Mean fall stand ratings ranged from 
4.5 for MONSD1 to 8 for HyCLASS115W, KS4719, QUARTZ, Surefire, and Wichita (Table 
4.5). There was no difference in fall stand ratings for the top 14 varieties, ranging from a 7 rating 
for Conrad-CL and CP320 to the five varieties with an 8 rating. The overall mean for the 2018-
2019 study year was 6.75 with a standard deviation of 1.13, and the median value was 7. 
In 2017-2018 there was a significant difference in winter survival ratings between 
varieties (p-value=<0.0001). Varietal means for winter survival of established fall plants ranged 
from 30% for MH 15AY085 to 100% for KSUR1211 (Table 4.6). The overall mean for winter 
survival was 81.3%; suggesting that more than 80% of established winter canola plants survived 
the 2017-2018 winter. Although varieties were not compared between environments, winter 
survival ratings for the 2018-2019 study year were drastically lower compared to 2017-2018. 
There was not a significant difference between variety for winter survival ratings (p-
value=0.1294). The grand mean of all winter canola varieties was 8.1%, with a standard 
deviation of 1.13, and a median value of 0%. Three varieties, HyCLASS115W, MH 15AY085, 
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and MH 15HT229 completely winterkilled in all blocks. There was a total of 18 varieties where 
only 10% or less of the established fall plants survived the 2018-2019 winter. Although there 
was no difference between varieties, Sumner and Surefire recorded the highest mean winter 
survival rating with 20%.  
The overall effect of variety in 2017-2018 on winter canola yield was significant (p-
value=<0.0001). Least square means for the 2017-2018 variety trial ranged from 292 kg ha-1 for 
MH 15AY085 to 1006 kg ha-1 for Event (Table 4.1). The hybrid variety Event was the highest 
yielding variety, but did not statistically differ from 15 of the 36 other varieties. Yield for the top 
16 varieties ranged from 767 kg ha-1 for KS4675 to 1006 kg ha-1 for Event. In 2018-2019, entries 
did not differ for yield (p-value=0.4995). Among all plots, only 12 observations were recorded 
for yield, representing only 9 varieties (Table 4.3). Varieties Riley, Surefire, and CP320W had 2 
blocks which were harvested. The overall mean yield produced in the 2017-2018 experiment was 
876 kg ha-1. The highest yielding variety was MONSD4, with a yield of 1246 kg ha-1, but yield 
was only measured in one block due to a combination of poor winter survival and weed 
competition making other blocks unharvestable.  
Winter canola yields in this study are much lower compared to previous research in Iowa 
environments. Gailans (2017) used the variety Sitro in crop rotation experiments. Yields of 
winter canola in Gailans’ plots ranged from 1600 kg ha-1 to 2500 kg ha-1. Although Sitro was not 
used in this study, we think that weather conditions had a more significant effect on the low trial 
yields than variety. Winter canola yields in the NWCVT from 2003-2012 ranged from 0-7 Mg 
ha-1, with 94% of yields between 0-4 Mg ha-1, and a mean of 2 Mg ha-1 (Assefa et al., 2014). 
Yield results from this study, with an overall mean of only 709 kg ha-1 in 2017 and 876 kg ha-1 in 
2018, suggests that our variety trial yielded well below average. Assefa et al. (2014), indicated 
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that environment represented 73% of the variability in winter canola yields, while the remaining 
27% of the variability was attributed the genetics and management factors.  
Generally, winter canola yields are negatively affected when planting is delayed. Delayed 
planting reduces the amount of GDD accumulation during fall growth, and subsequently reduces 
the amount of biomass accumulation and winter survival (Begna et al., 2016; Martinez-Feria et 
al., 2016). Typically, recommendations state that winter canola should be planted at least 6 
weeks before the first fall freeze date (Brown et al., 2008; Boyles et al., 2012). Martinez-Feria et 
al. (2016) concluded that for proper establishment and winter survival, winter canola should be 
seeded the first of week of September in Iowa environments. In 2017, the variety trial was 
planted 5 September, well within the range of both recommendations. However, extremely dry 
August and September soil conditions coupled with a lack of precipitation after planting delayed 
germination of winter canola plots. Resource availability and weather are the primary factors 
affecting winter canola yield (Assefa et al., 2014). These limitations ultimately dictate the 
potential yield in a given environment and affect other yield limiting factors such as 
management, genetics, and agronomic performance (Kutcher et al., 2010; Assefa et al., 2014).  
Dry topsoil and seed zone conditions greatly reduce or delay germination of winter canola 
(Balodis and Gaile, 2011; Martinez-Feria, 2015). The observed delay in germination could assist 
in explaining the average fall stand establishment and subsequently poor yields in 2017. In 2018, 
planting of winter canola was delayed to 18 September due to excess precipitation in early 
September. The excess precipitation made soil conditions unsuitable for fieldwork and planting 
operations. This delay in planting reduced winter canola GDD accumulation during fall growth 
and severely affected fall stand ratings, winter survival, and yield.  
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Winter conditions for each environment were not conducive for winter survival. For 
enhanced success of winter survival, canola plants typically need to develop a rosette of five to 
eight leaves before the onset of winter; accumulating nutrient reserves to aid in combatting cold 
stress (Sidlaukis and Rife, 2004; Velicka et al., 2006; Balodis and Gaile, 2011). In both 
environments all varieties reached at least 5 leaves. However, the delay in planting in 2018 
reduced fall stand establishment and biomass production, resulting in smaller plants that may not 
have stored enough reserves. Temperatures in January reached -30°C, which may have impacted 
the large amount of winterkill in the varieties in 2018-2019.  
Moisture availability and other resource limitations during the critical growth stages of 
flowering and pod set define the attainable yield (Assefa et al., 2018). In both years during 
flowering and pod set, there was no reason to think that soil moisture was deficient. Late spring 
and early summer precipitation events were in abundance and replenished soil moisture for 
winter canola water uptake. However, in June of 2018, a hailstorm affected winter canola plots 
by dislodging pods and bruising plant stems and branches. Yield components are used as 
determinants in measuring actual yield (Assefa et al., 2018). Plant density, number of pods per 
plant, seeds per pod, and seed weight, are all yield components of winter canola that help predict 
and determine canola yield. Although not measured in this study, the reduction in pods per plant 
from the hailstorm is thought to have severely reduced winter canola yield in all varieties. The 
bruising of winter canola stems, branches, and pods, may have reduced the photosynthetic 
capacity of each; reducing seed fill. Furthermore, high temperatures and dry conditions during 
the late stages of seed development led to excessive pod shattering before harvest. Pod shattering 
refers to dehiscence of canola seeds from the pods. The excessive pod shattering left canola 
seeds on the ground, reducing final yields. Pod shattering is a common problem for canola 
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producers, but breeding efforts have targeted this problem to reduce yield and economic loss to 
pod shattering (Cavalieri et al., 2014). Alongside low pod shattering varieties, producers 
typically swath canola stands before harvest if plants are subject to pod shattering (Brown et al., 
2008). Swathing winter canola before harvestable moisture is attained allows seeds to dry 
without risk of falling to ground. We did not have the capacity to swatch canola plots in this 
study, and a direct cutting method was used. After machinery failures, plots were hand harvested, 
possibly leading to increased pod shatter and losses of yield.  
Unfortunately, herbicide applications were not applied in either environment. In 2017, 
weed populations were low and canola stands in the spring of 2018 were considered good. Good 
fall establishment from early planting and greater than 80% winter survival attributed to good 
spring stands, reducing competition from weeds throughout the spring and summer during spring 
growth, flowering, and seed development phases. However, weed control and spring stands in 
the 2018-2019 canola were quite contrasting to the previous year. Due to a large amount of 
winterkill weed populations were able to establish and compete against winter canola plants. The 
competition from weed populations severely affected winter canola growth and yields, by 
competing for light, nutrients, and water, leaving some plots unharvestable due extremely low 
yields.   
Yields were well below average compared to the 2002-2013 NWCVT data collected by 
Assefa et al. (2014). Martinez-Feria (2015) conducted an economic analysis of incorporating 
winter canola into corn-soybean cropping systems in Iowa. The baseline yield used in the 
analysis was equal to 2 Mg ha-1, obtained from Assefa et al. (2014). Although commodity prices 
are highly volatile and change due to many factors, canola producing average yields was simply 
not economically sustainable in the analysis. Martinez-Feria (2015), concluded that winter 
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canola yields would need to be between 3.8 Mg ha-1 and 4.6 Mg ha-1; significantly greater than 
yields observed in this study. However, results from this study do show promise for winter 
canola in Iowa environments. When seeded in early September, winter canola has the potential to 
accumulate sufficient GDD to produce sufficient biomass and leaf development for winter 
survival. It is hard to isolate which varieties should be used in Iowa cropping systems due to 
similarities in fall growth, winter survival, and yield in almost half of the studied varieties in 
2017-2018. However, we have increasing evidence along with previous research that shows 
winter canola can successfully overwinter and produce yields in Iowa (Martinez-Feria, 2015; 
Gailans, 2017).  
Implications and future research 
In this study the effect of variety was used to determine which winter canola varieties are 
best suited for fall growth, winter survival, and yield in Iowa environments. Winter survival of 
canola is highly dependent on planting date to achieve sufficient biomass to survive winter in 
Iowa. However, results are inconclusive about which varieties are best able to produce 
economically profitable yields when compared to economic analysis by Martinez-Feria (2015). 
Weather conditions significantly affected multiple factors of winter canola growth and yield. 
Delayed planting in 2018 reduced GDD accumulation of winter canola during fall growth, severe 
winter weather conditions including cold temperatures negatively affected winter survival, and 
hail producing thunderstorms in 2018 decreased yield components, reducing yield.  
Further research in variety testing is needed across more environments to accurately 
assess winter canola growth and yield in Iowa. Furthermore, management factors in this study 
were fixed. An investigation that explores the effect of row spacing, plant density, and nutrient 
application and proper weed control should be implemented to determine the response of variety 
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to management in Iowa. An oil analysis needs to be conducted on collected yield samples to 
determine which varieties produce higher quality canola products.  
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Tables and Figures 
 
  
 
Table 4.1. NWCVT entries for Ames 2017-2018 and 2018-2019      
 2017-2018 Source 2018-2019 Source 
Open 
Pollinated KS4670* Kansas State University KS4670* Kansas State University 
 KS4675 Kansas State University KS4719 Kansas State University 
 KSR4723* Kansas State University KSR4723* Kansas State University 
 KSR4724S Kansas State University KSR4767 Kansas State University 
 KSUR1211 Kansas State University Surefire Kansas State University 
 Riley* Kansas State University Riley* Kansas State University 
 Sumner* Kansas State University Sumner* Kansas State University 
 Wichita* Kansas State University Wichita* Kansas State University 
 Torrington* Ohlde Seed Farms Torrington* Ohlde Seed Farms 
 QUARTZ* KWS-MOMONT HyCLASS115W* CROPLAN by Winfield 
 HyCLASS115W* CROPLAN by Winfield HyCLASS225W* CROPLAN by Winfield 
 HyCLASS225W* CROPLAN by Winfield CP320W CROPLAN by Winfield 
 HyCLASS320W CROPLAN by Winfield Star 915W* Star Specialty Seed 
 Star 915W* Star Specialty Seed Star 930W* Star Specialty Seed 
 Star 930W* Star Specialty Seed QUARTZ* KWS-MOMONT 
 DKW44-10 Monsanto / DEKALB   
 DKW45-25 Monsanto / DEKALB   
 DKW46-15 Monsanto / DEKALB   
     
Hybrids Wichita Kansas State University HAMOUR* KWS-MOMONT 
 QUARTZ KWS-MOMONT MH 15AY085* KWS-MOMONT 
 HIDYLLE KWS-MOMONT MH 15HT229* KWS-MOMONT 
 HAMOUR* KWS-MOMONT MH 14ES125 KWS-MOMONT 
 MH 15HIB001 KWS-MOMONT MH 15HT227 KWS-MOMONT 
 MH 15HIB002 KWS-MOMONT Advocat Limagrain 
 MH 15AY085* KWS-MOMONT Architect Limagrain 
 MH 15HT229* KWS-MOMONT Conrad CL Limagrain 
 Edimax CL Rubisco Seeds MONSD1 Monsanto 
 Inspiration Rubisco Seeds MONSD2 Monsanto 
 Mercedes Rubisco Seeds MONSD3 Monsanto 
 Popular* Rubisco Seeds MONSD4 Monsanto 
 Atora DL Seeds Phoenix CL Rubisco Seeds 
 Event DL Seeds Plurax CL Rubisco Seeds 
 Phoenix CL DL Seeds Popular* Rubisco Seeds 
 Plurax CL DL Seeds   
 Temptation DL Seeds   
 DK Imiron CL Monsanto / DEKALB   
 DK Imistar CL Monsanto / DEKALB   
 DK Sensei Monsanto / DEKALB   
  DK Severnyi Monsanto / DEKALB     
*Varieties were implemented in both site years   
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Table 4.2 Least square means for varieties in 2017-2018. 
 
 
VARIETY YIELD  
kg ha-1 
Event 1006a 
DK-Imistar-CL   995a 
HyCLASS320W   993ab 
HyCLASS225W   976ab 
Torrington   963abc 
DK-Imiron-CL   888abc 
Riley   833abcd 
Wichita   825abcd 
KSUR1211   816abcd 
HAMOUR   813abcd 
Popular   802abcd 
Temptation   799abcd 
KSR4723   795abcd 
Sumner   790abcd 
Inspiration   771abcde 
KS4675   767abcde 
Star-930W   718bcde 
Phoenix-CL   708bcde 
DKW46-15   680cde 
KSR4724S   679cde 
Atora   679cde 
HIDYLLE   669cde 
MH15HT229   661cde 
KS4670   661cde 
DK-Sensei   654cde 
QUARTZ   653cde 
DKW45-25   645cde 
MH15HIB001   636cde 
Plurax-CL   617cde 
DKW44-10   613cdef 
DK-Severnyi   608def 
Star-915W   594def 
HyCLASS115W   573def 
Mercedes   564def 
Edimax-CL   491ef 
MH15AY085   292f 
MH15HIB002   278f 
 
Letters with the same letter are not significant at α=0.05 
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Table 4.3. Mean yield for winter canola 
varieties in 2018-2019.  
 
Variety Yield kg ha-1 
MONSD4 1246 
Surefire 1202 
CP320W 1042 
QUARTZ   924 
Popular   809 
Sumner   780 
KSR4767   754 
KSR4723   588 
Riley   551 
 
*No significant difference between varieties 
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Table 4.4. Mean fall stand ratings for winter canola varieties in 2017-2018. 
 
Variety Fall Stand 1-10 
KS4670 7.8a 
KSUR1211 7.8a 
Sumner 7.8a 
DKW45-25 7.5ab 
KS4675 7.5ab 
Star-930W 7.5ab 
DKW46-15 7.3abc 
KSR4723 7.3abc 
Riley 7.3abc 
Torrington 7.3abc 
HyCLASS320W 7.0abcd 
DK-Imistar-CL 7.0abcd 
Mercedes 7.0abcd 
Wichita 6.9bcd 
HyCLASS115W 6.8bcd 
KSR4724S 6.8bcd 
DKW44-10 6.5cde 
QUARTZ 6.5cde 
DK-Imiron-CL 6.4cdef 
Phoenix-CL 6.4cdef 
Popular 6.4cdef 
HyCLASS225W 6.3cdef 
Star-915W 6.1defg 
Plurax-CL 6.0defg 
Temptation 6.0defg 
Atora 6.0defg 
DK-Sensei 6.0defg 
DK-Severnyi 6.0defg 
Inspiration 6.0defg 
Edimax-CL 5.7efgh 
HAMOUR 5.7efgh 
Event 5.7efgh 
MH15HT229 5.4fgh 
HIDYLLE 5.4fgh 
MH15HIB001 5.4fgh 
MH15AY085 5.0gh 
MH15HIB002 4.7h 
 
 
Varieties with same letter are not significant at α=0.05 
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Table 4.5. Mean fall stand ratings for winter canola varieties in 2018-2019.  
 
Variety Fall Stand 1-10 
HyCLASS115W 8.0a 
KS4719 8.0a 
QUARTZ 8.0a 
Surefire 8.0a 
Wichita 8.0a 
Advocat 7.3ab 
HyCLASS225W 7.3ab 
Plurax-CL 7.3ab 
Riley 7.3ab 
Star-915W 7.3ab 
Star-930W 7.3ab 
Torrington 7.3ab 
CP320W 7.0abc 
Conrad-CL 7.0abc 
Architect 6.8bcd 
KS4670 6.8bcd 
KSR4723 6.8bcd 
KSR4767 6.8bcd 
Popular 6.8bcd 
Sumner 6.8bcd 
MONSD4 6.5bcd 
Phoenix-CL 6.3bcd 
MH-14ES125 6.0cd 
MH-15AY085 6.0cd 
MH-15HT227 6.0cd 
HAMOUR 5.8de 
MH-15HT229 5.8de 
MONSD2 5.8de 
MONSD3 4.8ef 
MONSD1 4.5f 
 
Varieties with same letter are not significant at α=0.05 
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Table 4.6. Mean winter survival for winter canola varieties in 2017-2018. 
 
Variety Winter Survival % 
KSUR1211 100.00a 
KS4675   97.50ab 
Star-930W   97.50ab 
Wichita   96.43ab 
HyCLASS320W   96.25ab 
KS4670   96.25ab 
Riley   96.25ab 
Torrington   96.25ab 
KSR4723   95.00abc 
Sumner   95.00abc 
DKW45-25   92.50abcd 
DKW46-15   92.50abcd 
HyCLASS115W   91.25abcd 
HyCLASS225W   90.00abcde 
KSR4724S   90.00abcde 
DK-Imistar-CL   88.33abcdef 
DK-Imiron-CL   86.67abcdef 
DKW44-10   85.00abcdefg 
Plurax-CL   81.67bcdefg 
Popular   81.67bcdefg 
Atora   80.00cdefg 
DK-Sensei   80.00cdefg 
Phoenix-CL   80.00cdefg 
QUARTZ   78.57defg 
Edimax-CL   78.33defg 
Mercedes   78.33defg 
Event   76.67defg 
Temptation   75.00efg 
Inspiration   73.33efgh 
Star-915W   70.00fgh 
HAMOUR   58.33hi 
MH15HT229   53.33i 
MH15HIB001   51.67i 
DK-Severnyi   45.00ij 
HIDYLLE   45.00ij 
MH15HIB002   33.33j 
MH15AY085   30.00j 
___________________________ 
 
Varieties with same letter are not significant at α=0.05. 
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Table 4.7. Mean winter survival for winter canola varieties in 2018-2019. 
 
Variety Winter Survival % 
Sumner 20.0a 
Surefire 20.0a 
CP320W 17.5ab 
KS4670 15.0abc 
KS4719 15.0abc 
KSR4767 15.0abc 
Popular 15.0abc 
Riley 12.5abcd 
Star-930W 12.5abcd 
Conrad-CL 10.0abcd 
MONSD4 10.0abcd 
QUARTZ 10.0abcd 
KSR4723   7.5abcd 
MH-14ES125   7.5abcd 
Architect   5.0bcd 
HAMOUR   5.0bcd 
HyCLASS225W   5.0bcd 
MONSD1   5.0bcd 
MONSD3   5.0bcd 
Phoenix-CL   5.0bcd 
Plurax-CL   5.0bcd 
Star-915W   5.0bcd 
Torrington   5.0bcd 
Advocat   2.5cd 
MH-15HT227   2.5cd 
MONSD2   2.5cd 
Wichita   2.5cd 
MH-15AY085   0.0d 
MH-15HT229   0.0d 
HyCLASS115W   0.0d 
 
Varieties with same letter are not significant at α=0.05. 
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CHAPTER 5.    IMPLEMENTING A WINTER WHEAT-SOYBEAN RELAY 
INTERCROPPING SYSTEM IN IOWA: A DECISION CASE STUDY 
Modified from a manuscript to be submitted to Journal of Natural Sciences Education 
Abstract 
Producers across the Midwest are beginning to reimplement relay intercropping systems 
to enhance cropping system productivity and environmental sustainability. Joe Herrick, a 
conventional corn and soybean farmer in southwest Iowa, is considering ideas to reach his goals 
of reducing input costs, increasing profitability, and managing his farm sustainably. Joe was 
introduced to two relay cropping producers to gain insight on their management practices, costs 
of production, and to ask questions and learn more about implementing a relay intercropping 
system. Students are encouraged to ask questions and collect information from the two producers 
to conduct an analysis and form a recommendation for Joe on whether he should implement a 
winter wheat-soybean relay intercropping system. Students should consider the different 
management practices between the two systems, the risks associated with relay intercropping, 
and the costs of production that Joe will need to account for. Large management decisions, such 
as new and alternative cropping systems, cannot be made without an in-depth analysis of the 
enterprise, comparison of the new system to the old one, and the challenges associated with the 
new system. 
Introduction 
Intercropping is the agricultural practice of cultivating two or more crops that occupy the 
same space at the same time (Andrews and Kassam, 1976). Intercropping systems have been 
used throughout history to increase crop production by maximizing the efficiency of natural 
resources and decreasing risk. Intercropping can improve nutrient use efficiency; provide 
additional control of pest, disease, and weed pressure; reduce nitrogen (N) losses to groundwater 
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resources; and increase yield volume and quality (Brooker et al., 2015; Cong et al., 2015; 
Lithourgidis et al., 2011). Intercropping provides these agronomic and environmental benefits 
through two mechanisms of complementary effects, resource partitioning and facilitation 
(Bybee-Finley and Ryan, 2018). By selecting crop species with different resource acquisition 
traits such as root architecture or vegetative growth habit, competition between plant species 
decreases and allows for more complete use of resources (Litrico and Violle, 2015). A classic 
systems example that provides complementary effects is the ‘3 sisters’ intercropping system. 
Corn, cucurbits, and beans possess different characteristics that allow for each individual species 
to co-habitat and improve the resource efficiency of the system. However, not all forms of 
intercropping decrease interspecies competition, but instead maximize resources to provide 
system-wide increases in production and profitability. 
Relay intercropping increases system diversity by capitalizing on both spatial and 
temporal plant arrangement. Relay intercropping is the practice of planting a second crop before 
the first crop is physiologically mature and harvested, thus overlapping different growth stages of 
each crop species (Goldmon, 1991). Typically, relay intercropping systems in the Midwest 
include, but are not limited to: a small grain (e.g., wheat), and either forage or grain legumes 
(e.g., red clover or soybean) (Nelson et al., 2005). These Midwest relay systems plant winter 
wheat in the fall and soybean between wheat interrows in the subsequent spring. Producers aim 
to reap the benefits of increased farm income, hedging of production risks, and added 
environmental services that are associated with relay intercropping systems (McCoy et al., 2003; 
Schepers et al., 2005; Hartschuh, 2019). The production of two crops in one system provides 
lower costs for land and machinery, while using labor and time more efficiently, as these 
valuable resources and efforts are spread between both wheat and soybean production.  
 
 
97 
Common Midwest cropping systems include corn and/or soybean in a monoculture or 
alternate year rotation (Wright and Lenssen, 2013). Soil surfaces often remain bare after summer 
annual crop harvest tillage applications, increasing risk to wind and water erosion that carries 
away valuable topsoil to downslope deposits or water resources. Adding fall-seeded winter 
annual small grains such as winter wheat into crop rotations can provide protection against soil 
erosion (Chan et al., 1980; Schepers, 2005). Furthermore, winter annual crops can scavenge 
residual nitrate not used by corn production or mineralization of nitrate from microbial activity 
(Schepers, 2005). Implementing wheat into a traditional cropping system using relay 
intercropping allows producers to use more of the growing season when corn or soybeans could 
not; providing increased resource use efficiency of nutrients, solar radiation, and precipitation 
(Hartschuh, 2019).  
Winter wheat and soybean in relay intercropping systems typically yield 70-90% of 
monocropped yields of each crop (Duncan and Schapaugh, 1993; Hartschuh, 2019). However, 
different row and planting variations can vary the outcomes of crop yield. Previous research has 
found that planting wheat in a skip-row pattern, where wheat is purposely not planted in one or 
two rows, only reduces wheat yields by 8-15%, but allows for more space and sunlight 
interception for soybean plant growth (Blaine et al., 1988; Duncan and Schapaugh, 1993; 
Schepers, 2005). Despite lower wheat and soybean yields in relay systems, intercropping can 
provide higher net returns when compared to double or monocropping systems (McCoy et al., 
2003; Schepers, 2005; Hartschuh, 2019). To measure system productivity and intercropping 
success, a comparison between monoculture and intercropping productivity should be used. The 
Land Equivalent Ratio (LER) is commonly used in intercropping research to assess the 
production of crops planted in intercropping and monoculture systems. A LER is the sum of 
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relative yields of all species involved in the intercrop divided by their sole crop yield (Goldmon, 
1991). The output of the LER calculation is the amount of land required for a sole crop to 
produce the same yields in the intercrop system (Equation 1) (Goldmon, 1991). 
Equation 1: LER calculation for intercropping systems with two crops, e.g., soybean and 
winter wheat (Mead, 1986) 
LER = LS + LW 
Where: LS = IS / SS      LW = IW / SW 
  IS = Intercrop soybean yield   IW = Intercrop wheat yield 
  SS = Sole crop soybean yield   SW = Sole crop wheat yield 
Goldman (1991) reported an LER for a winter wheat-soybean relay intercropping system 
on 1.2 in Nebraska, indicating the land required for monocropped wheat or soybean to equal 
intercropping productivity on 1 acre would need to be 1.2 acres.  
Relay intercropping requires a higher level of management and should only be attempted 
on limited acres for first time producers (Lesoing, 1991). Although relay intercropping provides 
many valuable benefits, risks can arise from climatic and management factors. Soil moisture is a 
major limiting factor determining the success of both wheat and soybean crops in relay systems 
(Ross, 2018). Lack of summer precipitation and water usage by wheat can deplete soil water in 
the soybean seed zone, which can negatively affect soybean seedling germination. However, 
resources, are available for first time or experienced producers to implement successful relay 
intercropping systems (McCoy et al., 2003; Hartschuh, 2019).  
This decision case study was developed for use in higher education learning 
environments to provide students an overarching framework in the process of making on-farm 
management decisions. The objective of the presented case study is to involve students in all 
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aspects of decision-making by acquiring information, asking detailed questions, and conducting 
multiple analyses to provide a potential producer with a recommendation. This case study on 
implementing an alternative cropping system should be used as a problem-based approach to 
enhance learning in agronomy and agricultural business education. This case begins by 
introducing a conventional farmer who is interested in enhancing the sustainability and 
profitability of his farm. Next, two examples of current relay intercropping producers are 
provided to give students insight on the management decisions and thought processes needed to 
conduct an analysis. An author’s interpretation, guidance questions, and additional resources are 
provided for instructor use to aid in course instruction. 
The Case 
Herrick Farms 
Joe Herrick and his family farm in southern Adair County, near Greenfield, Iowa. 
Greenfield is located approximately 60 miles west-southwest of Des Moines.  Joe, his father 
Stan, and his brother Bill, farm a total of 7,000 acres. Half of their farmland is owned by the 
family and the other half is cash-rented. Most of the 7,000 acres is tillable, with some land set 
aside in the conservation reserve program (CRP) and pasture. Average farm size in Iowa is only 
356 acres, showing that the Herrick operation is well above average in area (USDA, 2019).  
After graduating from Northwest Missouri State University in 2003, Joe Herrick moved 
to Des Moines, Iowa to pursue a career as an environmental engineer. In 2010, Joe decided to 
move back to Greenfield and rejoin the family farming operation. Joe missed the farming way of 
life and wanted his kids to gain the same experience as he had when younger. Joe mentioned that 
he and his family, “Operate with the philosophy of protecting our farm’s resources by using 
conservation and sustainability practices, while maximizing profit.” Joe ultimately wants to leave 
a long history and successful farm for future generations. Joe and his family have been described 
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by area farmers as innovative producers that never stay satisfied with results and are constantly 
trying new practices to continually improve their operation. 
Soils in Adair County formed primarily under prairie vegetation and are often deep and 
fertile. Most upland soil was deposited as loess over glacial till-paleosol (USDA, 1980). 
Southwest Iowa farmland ranges from nearly level to very steep, with most landscapes described 
as gently rolling with 5-7% slopes. An area nickname, “rolling hills”, is often used to describe 
the southwest Iowa landscape.  Thirty-year climate averages for Greenfield are listed below (Fig. 
1 and 2). 
 
 
Figure 5.1. Average monthly precipitation in inches from 1988-2018 for Greenfield, Iowa. (Iowa 
Environmental Mesonet). 
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Figure 5.2. Average, average minimum, and average maximum monthly temperatures from 
1988-2018 for Greenfield, Iowa. (Iowa Environmental Mesonet). 
 
Southwest Iowa climate is considered humid-continental with warm to hot summers and 
cold winters. Greenfield receives an average yearly total of 35.4 in. of precipitation and has an 
average growing season length of 173 days above 32° F (Iowa Environmental Mesonet). 
Like most of Adair County, the majority of the land that the Herricks farm is devoted to 
corn, soybean, alfalfa, and cattle production. In 2017, roughly 50% of cropland in Iowa was 
devoted to corn grain production, while a little more than 35% was cultivated for soybeans 
(USDA, 2019). Iowa is the 4th leading state in the country in regards to cattle and calf 
production, totaling almost 5 billion dollars in sales in 2018 (USDA, 2019). The Herricks 
practice crop rotation, rotating their corn and soybean crops every year. In certain fields Joe and 
his father will seed an oat and alfalfa mixture after the corn-soybean crop rotation; the alfalfa 
mixture is baled and used as a feedstuff for their cow/calf operation. With proper fertilization, 
Joe maintains adequate stands of alfalfa for 5 to 7 years before rotating back corn. Joe and his 
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brother Bill also dedicate some acres to corn silage production. The silage is also used as a 
feedstuff for their cattle during the winter months in Iowa.  
Corn yields on the Herrick farm are 180-190 bushels per acre; 2018 county and state 
averages are 157 and 179 bushels per acre, respectively (USDA, 2019). About 30 percent of corn 
production is stored and used on farm to feed their 350-head of cow/calf pairs. The other corn 
grain is sold to the local grain cooperative and ethanol plant, with the majority of grain forward 
contracted before and during the growing season. Soybean yields on Joe’s farm are 50-55 
bushels per acre, compared to 50 and 52 bushels per acre averages in 2018 in Adair County and 
Iowa, respectively. The soybeans produced are marketed to the same local grain cooperative as 
corn. Alfalfa produced on-farm typically yields slightly above the county average of 4.1 tons of 
hay per acre (USDA, 2019).  
Joe and his family understand the benefits of preserving their topsoil from wind and 
water erosion. “We began no-tilling our fields in the mid-1990s as a way to begin implementing 
conservation practices on our farm. In our no-till system, the only disturbance of the soil comes 
from the initial planting of the crop,” said Joe. Joe’s planter has large, wavy, coulters attached to 
the front of the planter unit and disc openers to slice plant residue, creating a seed trench for the 
seed.  
Corn hybrids and soybean varieties grown are genetically modified. The Herricks use a 
Round-up ReadyÒ glyphosate herbicide program and select corn hybrids with Bt traits to combat 
insect pressure. Planted corn hybrids are considered long season maturities and range from 108-
115 day relative maturity to ensure a long growth period and to reach full yield potential. 
Soybean varieties are also considered long-season and range from 2.8 to 3.4 relative maturity to 
also maximize yield potential. Average planting rates across all acres are about 33,000 seed per 
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acre and 140,000-150,000 seed per acre for corn and soybeans, respectively. Joe described his 
cultivar selection, “I determine my planting rates and hybrids/varieties for each individual field 
depending on soil type, potential disease and insect pressure, and overall yield potential in order 
to place the right product on the right acre.” Joe has considered investing in variable rate seeding 
technology, but has opted not to at this time due to the equipment price of the technology and 
uncertainty of outcome in the investment.  
Soil fertility plays a crucial role in the success and profitability for the Herrick operation. 
Joe typically applies N fertilizer in the forms of anhydrous ammonia and chicken litter to corn 
acres. Anhydrous ammonia application is primarily done in the fall after soybean harvest and 
after the soil temperature is forecasted to remain below 50°F. Joe bases his N fertilizer rate on 
the yield potential of the upcoming corn crop. Using previous field averages, he applies 90% of 
the previous crop’s yield, equating to 0.9 lb N/bu. For example, projecting a 200 bu/ac corn 
yield, Joe would apply 180 lb N/ac. Joe has used nitrapyrin, a N stabilizer in the past, but has had 
problems with the product clogging application lines and is currently considering different 
products for future use. Joe has recently teamed up with his new local agronomist to monitor and 
improve nitrogen management. Joe and his agronomist want to conduct a late spring nitrate test 
to adjust N fertilizer rates and a fall stalk nitrate test to determine whether he is applying the 
correct amount of N fertilizer. 
Four years ago, Joe started implementing a manure program to meet some of the fertility 
needs of his corn, soybean, and alfalfa crops. Joe has read about the importance of 
micronutrients, especially sulfur (S), needed to produce higher yields and improve his bottom 
line. Joe is concerned that southwest Iowa is not receiving enough atmospheric deposition of S 
produced from upwind coal combustion to meet crop S requirements. He thinks that maybe 
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manure is a source of S that could correct his soil’s S levels. Joe sources layer-hen chicken litter 
from Rose Acres, a local facility about 10 miles away. Joe applies the chicken litter in both the 
fall and spring depending on labor availability and other farm operations being conducted at the 
time. Application of the chicken litter is usually on fields not within close proximity to 
neighbor’s houses, as the litter can have an unpleasant smell. The chicken litter has an average 
N-P2O5-K2O analysis of 108-118-104 lb per ton. About 60% of the total N in the chicken litter is 
considered crop available, but only half of the available N is available within the first year, (30% 
of the original N content) (Westermann et al., 1988, Ruiz Diaz et al., 2008). One ton of product 
would equate to 32 pounds of available N per ton in the first year. Joe applies a uniform rate of 2 
tons per ac to certain fields and applies the remaining N needs with anhydrous ammonia in the 
spring. Fields that receive chicken litter are able to maintain optimum soil phosphorus (P), 
potassium (K), S, and micronutrient test levels. For fields that do not receive litter, Joe applies a 
custom blend dry fertilizer with a N-P2O5-K2O analysis of 23-110-110 to meet desired P and K 
fertility levels. Inorganic fertilizer is usually applied at a uniform rate, but Joe wants to begin 
using variable rate technology in order to address the spatial variability present in his fields.  
Weeds, insects, and diseases all present problems for the Herrick operation. Joe begins 
the growing season by applying a pre-plant residual herbicide and a product such as 2,4-D over 
most corn and soybean acres to effectively kill any winter annual weeds and prepare a clean seed 
bed for his crops. Joe will then apply a post-plant herbicide pass with glyphosate and another 
residual product to gain effective weed control until the crop canopy limits weed germination 
and growth. Joe is beginning to experience challenges in his herbicide program; he is becoming 
concerned about his weed control due to more incidence of herbicide resistance in his fields. Joe 
verbalized some of his thoughts about future weed control, “I think that our time in effective 
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weed control using herbicides is running out. I am concerned with herbicide resistance, 
especially in our glyphosate acres; I also think that the new use of 2,4-D and dicamba products 
might cause problems with future herbicide resistance if the products are not used properly.” 
Because of herbicide resistance, Joe is beginning to investigate other options such as using cover 
crops, different herbicide modes of action, or other management tools.  
Corn hybrids are selected with Bt traits to combat corn rootworm (Diabrotica sp.) and 
corn earworm (Helicoverpa zea) pressure. The Herricks do not seem to experience many 
problems, but insect pressure is still a concern Joe thinks about. Joe attributes the use of GMOs, 
crop rotation, and the occasional insecticide application to his success in managing insect 
pressure. Disease control begins with proper selection of corn hybrids and soybean varieties that 
have higher ratings of disease tolerance. Joe and his local agronomist actively scout his fields 
throughout the growing season to monitor disease incidence and severity and will make 
fungicide applications if need be.  
To improve on-farm sustainability and profitability, Joe has been researching options that 
will diversify his operation. Joe wants to put together a plan that will more efficiently utilize 
nutrients, improve weed control, and reduce input expenses, all while increasing net profit. 
Sustainability and increased conservation are at the forefront for future farm management on 
Joe’s operation. For example, recently Joe has been investigating how either cover crops or 
organic farming practices could help him successfully meet his goals. Joe’s brother Bill has 
grown rye as a cover crop after corn silage for the last three years and thinks he is seeing 
improvement in soil structure as well as improved weed control. Joe is intrigued by the idea of 
converting to certified-organic due to the higher premiums he would receive from his 
agricultural products. However, switching crop acres to organic production might be difficult 
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because of greater labor requirements and a lengthy and detailed certification process. Joe is 
open to other options of diversifying his cropping systems to increase profit and sustainability.  
The Hora Farm Experience 
Recently, Joe came across an article in the Wall Street Journal regarding the use of cover 
crops to increase soil health and subsequent yields and profit. The Wall Street Journal article 
(link provided) created a profile of Mitchell Hora, a 5th generation farmer from Washington 
County, Iowa. Mitchell rejoined the farming operation after graduating from Iowa State 
University in 2017 with degrees in agronomy and agricultural systems technology, along with a 
multitude of ideas to shift the paradigm of what Iowa cropping systems should look like. While 
still in college, Mitchell launched a company to put his ideas into action. Continuum Ag is an 
agricultural consulting company that focuses on improving the soil health, sustainability, and 
profitability of its customers. Mitchell’s perspective is different compared to other consultants in 
that he takes a holistic approach in formulating and delivering his recommendations. Mitchell 
recognizes the importance that the physical, chemical, and biological properties of soils provide 
to the overall wellbeing of a productive and sustainable farming operation.  
Innovation and new ideas now play a part in the Hora operation every day. Four years 
ago the Horas decided it was time to expand their conservation practices with the use of cover 
crops. Mitchell wanted to address his concerns of the recent agricultural trends of high input 
costs and low profit; he was determined to build a system that buffered against high rent costs, 
reduced dependence on pesticides and chemical fertilizer, and increased his bottom line. After 
only 4 years of incorporating cover crops into their operation, the Horas said they have noticed 
remarkable differences.  
Mitchell noted, “Cover crops are now the most important source of fertilizer in our 
operation. It has been shown that corn does not take up all of the nitrogen available in a cropping 
 
 
107 
year, why would we keep applying high rates of nitrogen if the nitrogen is not going to be used? 
Our cover crops take up the residual nitrogen and return it in the spring when they decompose.”  
“You can physically feel the difference in our fields that have been cover cropped 
compared to fields that have not. The wheat and rye covers have drastically increased infiltration 
rates, built soil structure, and increased the biological activity of our soils.” – Brian (Mitchell’s 
father). 
Mitchell has tried different cover crop combinations to determine the best outcomes in 
different scenarios. For the past 5 years, Mitchell has been using winter wheat as a cover crop, he 
also uses winter rye as a cover crop due to cheaper cost and more winter hardiness. On his own 
farm Mitchell monitors the activity of his soils closely in order to quantify the impact cover 
crops make on soil health. Mitchell takes weekly soil tests to measure nutrient concentrations 
and gain a better understanding of when crops are taking up nutrients, when his soils are 
releasing nutrients, and how quickly cover crops are turning over nutrients for his cash crops. 
Mitchell also records soil temperature and compaction differences (using penetration resistance), 
between areas with cover crops and bare soil. Mitchell’s favorite test is the Haney soil test to 
monitor the biological activity of the soil (Haney et al., 2008). Mitchell takes samples from both 
areas with active or recently terminated cover crops and compares them to nearby strips that do 
not include cover crops. The results so far have been quite significant; Mitchell has seen a 25%-
30% increase in CO2 burst in his Haney test in cover crop vs. no cover crop testing areas, 
suggesting an increase in microbial activity and nitrogen mineralization.  
Due to the rapid success of implementing cover crops, the Horas wanted to continue the 
expansion of their ideas to reach their goals of combining profitability with sustainability. This 
past year Mitchell teamed up with the Iowa Soybean Association On-Farm Network to explore 
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the suitability of relay intercropping soybeans and winter wheat. Because winter wheat was the 
number one source of cover crop on farm, Mitchell saw a great potential of increasing profit by 
implementing this cropping system. However, he had a list of concerns that needed to be 
addressed in order to successfully attempt a relay intercropping system. Mitchell has built a 
strong and diverse network of innovative farmers through his involvement on campus, 
networking events, and his role with Continuum Ag. Mitchell reached out to his peers to learn 
more about relay intercropping and address his concerns.  
Implementing any new cropping system raises questions on management practices, crop 
growth, profitability, and more. Mitchell was curious if the winter wheat in an intercropping 
system would be able to scavenge a sufficient amount of nutrients in the winter and spring 
months to produce a viable crop. Another question was how the two crops would affect one 
another throughout the growing season. Mitchell has had previous experience planting soybeans 
into a growing wheat cover crop with minimal problems, but he has always terminated the wheat 
cover crop soon after soybean planting. He was not sure how the soybeans would be affected 
throughout their vegetative growth stages while the wheat crop continued to grow and develop. 
Finally, Mitchell needed to know how the system would perform economically. Would he be 
wasting money, time, and effort? Or could this system truly increase profit while providing 
added environmental benefits. 
The Horas decided to try the relay intercropping system on 10 acres the first year. The 
selected field had been cover cropped with wheat previously, was gently rolling and fairly 
productive according to the Horas’ standards. Brian wanted soil cover on this farm to continue 
building organic matter on the side-hills that are susceptible to soil erosion. On 3 October 2018, 
Brian planted hard red winter wheat at 900,000 PLS per ac, about 1 in. depth, in 7.5 in. rows 
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immediately after corn harvest using a Great Plains CH-120 no-till drill (Great Plains Ag, Salina, 
KS). Variety information and germination percentages were not collected, but are important 
consideration when determining accurate seeding rates and cost analyses. The drill has a set of 
large, wavy-type coulters on the front to slice cornstalks. The cutting of the corn stalks aids the 
disc openers in making a proper seed trench for the wheat seed. Mitchell and Brian decided not 
to apply fertilizer to their relay wheat crop, as they wanted to test if the wheat would be able to 
scavenge enough nutrients in the fall and spring to produce a viable crop, but mentioned that soil 
samples showed adequate levels of phosphorus and potassium needed for plant growth. On 25 
April 2019, the following spring, Mitchell planted soybeans into the standing wheat crop using 
the same drill as was used for wheat planting. At the time of soybean planting, the wheat crop 
had reached a height of 8 inches, at wheat stages Feekes 4-5, an average height Mitchell says for 
when they plant their soybeans into a growing wheat cover crop. Mitchell was able to plant the 
soybeans, also in 7.5 inch rows, between the wheat rows using the same RTK GPS lines used the 
previous fall (Image 1). Soybeans were seeded at 200,000 seed per ac, slightly higher than the 
normal 160,000 seed per ac, to account for an expected stand loss. Because of planting at a 
normal time, they saw no reason to plant anything but a full season soybean variety. The Horas 
did not base their planting date on a certain wheat growth stage, instead they decided to plant 
soybeans when conditions were adequate and around the same time that they would typically 
plant soybeans. The full season soybean variety would be able to maximize photosynthetic 
radiation for a longer period of time after wheat harvest to reduce the potential yield loss seen in 
most relay cropping systems (Ali et al., 2003; Duncan and Schapaugh, 1997).  
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Image 5.1. Mitchell planting soybeans with a drill. Soybean rows are spaced 7.5 in. apart and 
between the winter wheat rows. (Photo courtesy of Mitchell Hora). 
 
Throughout the growing season Mitchell made observations on the soybean phenology. 
Mitchell noticed that soybean plants interseeded into the wheat germinated and emerged 1-2 
days quicker than his typical soybean fields, possibly from greater soil moisture. Mitchell had 
concerns about soybean germination if water was limiting. Mitchell noted, “Wheat has a high 
water uptake rate and can quickly deplete water reserves in the top 2 inches of a soil profile, the 
area in which seed would be planted.” After emergence the soybean plants grew quickly in 
height, which Mitchell believed to be from the competition for light between the soybean and 
wheat plants. The soybean stems became etiolated and more pliable, which other relay producers 
say is beneficial in that the soybeans can withstand higher levels of stress from tire compaction 
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during herbicide and fertilizer applications (Image 2). Throughout the summer Mitchell was 
amazed at weed and insect control in his relay intercropped field compared to his other soybean 
fields. Mitchell chose not to spray a post-plant herbicide due to a lack of weeds and no real need 
for the herbicide pass, but actively scouted for volunteer wheat from grain loss during wheat 
harvest.  
 
Image 5.2. Photo of wheat and soybean growth in late June. Wheat is at Feekes 11.2 while the 
soybeans are at V5. (Photo courtesy of Mitchell Hora). 
 
Mitchell and his father harvested their wheat crop with a direct cutting method on 5 July 
2019. Soybeans at harvest were approximately at the R2 or full bloom stage, and the Hora’s 
made a conscious effort to reduce soybean damage during harvest. However, to be able to gather 
all of the wheat seed heads, soybeans incurred some damage from leaf defoliation. Wheat yields 
were only 30 bu per ac, which was below an expected 50 bu per ac. Mitchell was not 
disappointed, as he believed the intercropping system would still achieve a higher profit than his 
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conventional soybean system. Wheat seed was cleaned on-farm with some grain stored to be 
planted as next year’s cover crop, while the majority was sold to a local cover crop provider to 
fill demand for other local cover crop growers.  
Mitchell continued making observations about the soybean crop after wheat harvest, 
noting that the small amount of soybean damage incurred at wheat harvest had minimal impact 
on soybean growth. Mitchell noted that the soybean plants continued to develop leaves and 
branches and were able to grow above the wheat residue. The wheat residue continued to 
suppress weed growth between soybean interrows, eliminating the need for an herbicide 
application. Mitchell measured soil temperatures between fields with and without wheat residue 
and found cooler soil conditions in his relay intercropping field, which lowered evaporation from 
the soil surface and possibly transpiration rates of soybean plants. 
Relay intercropped soybeans were harvested in mid-October. Soybean yields averaged 44 
bu per ac, slightly lower than an expected 50 bu per ac. Mitchell commented that even with 
lower than expected yields, that the relay system was the most profitable field on his farm. 
Mitchell noted, “Minimal inputs, diversified crops and markets, and a willingness to try 
something new all provided us with a profitable cropping system.” 
Joe was ecstatic to learn about Mitchell’s experience trying the relay intercropping 
system but had more questions. Joe thought it would be beneficial to reach out to other growers 
relay intercropping, as he wanted to know about other ways to manage a relay intercropping 
system. Below is a list of questions Joe asked to become more informed. 
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 “How could both wheat and soybean yields be improved and maintained?” 
 “Are there other ways to plant and manage both crops?” 
 “Do all relay producers reduce inputs and observe benefits?” 
 “How might the weed community evolve?” 
Joe decided to attend a relay-intercropping workshop in northeast Iowa. The workshop 
was held on a producer’s farm where Joe got to observe the machinery used, intercropped fields, 
and listen to other relay producers present management tactics for their operations. Joe was 
fortunate to start a conversation with a local producer named Drew Dietz.  
The Dietz Farms Experience 
Drew Dietz and his father, Dan, farm in the Cedar River valley on the outskirts of Nashua 
in Chickasaw county, located in northeast Iowa. Drew is a 2017 graduate from Iowa State 
University with a degree in agricultural studies. Upon graduating, Drew returned to the family 
farm to pursue his passion of raising crops and livestock to feed his family and the world. Drew 
and his father have turned to conservation agriculture management practices including no-till, 
steps toward organic production, and cover cropping. Dan and Drew’s main mission is to lower 
input costs, better manage weeds, and build soil organic matter to improve profits and 
environmental sustainability.  
The Dietz operation has multiple streams of revenue to stay diversified and better manage 
risk during difficult times in agricultural commodity production. Currently, the Dietz operation 
consists of close to 1,000 acres, split for production primarily between corn, non-GMO 
soybeans, oat, winter wheat, winter rye, and alfalfa to sell to different markets or feed to their 
600 head Holstein-steer feeder operation.  
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A few years ago, Dan and Drew found the idea of relay intercropping soybeans with their 
winter wheat to provide additional revenue from the same field in the same year. The father and 
son duo had seen the cropping practice by a farmer 30 miles to the east that had been trying the 
same system and having success. The two quickly invested in a plan to introduce the relay 
cropping system to their own farm. 
 Drew and Dan have incorporated a winter wheat-soybean relay intercropping system 
onto their farm for the past 3 years. The Dietzs have planted winter wheat after oat, high 
moisture corn, and corn silage, and have not noticed a significant difference in wheat growth or 
yield among the three previous crops. Usually some acres of corn production are harvested early 
at a higher moisture corn to feed their feeder cattle operation. Winter wheat is no-till seeded in 
twin 8-inch rows using a Dawn Equipment Duo-seeder (DAWN Equipment Company, Inc. 
Sycamore IL) row unit, which is attached to an older 3-point hitch strip till bar with an attached 
seed tank (Image 3). The twin rows are planted on a 30-inch center, allowing for planting 
soybean. Winter wheat is seeded at a depth of approximately 1 inch and a rate of 1.1 bu per ac, 
or approximately 1,100,000 seed per ac. Targeted planting date is between early and mid-
October; this date is dependent on when the previous crop is harvested.  
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Image 5.3. Row spacing configuration in the Dietz relay intercropping system. (Photo courtesy 
of Drew Dietz). 
 
Because the winter wheat is usually planted after another cereal/grass species, the Dietzs 
select wheat varieties that are resistant to fusarium head blight. Risk for wheat diseases, 
especially fusarium head blight, increase when wheat follows previous cereal and corn crops  
(Dill-Macky and Jones, 2000).  
Nitrogen fertilizer is applied in the fall in the form of anhydrous ammonia after corn and 
soybean harvest. Like most producers, Drew applies anhydrous ammonia when soil temperatures 
are below 50 oF to decrease losses of N. Typically, Drew applies a rate of 60 lb N per ac for his 
wheat crop; previous experience with rye production has influenced this rate. The anhydrous 
ammonia application is considered a side-dress application, as the wheat is already planted. The 
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additional space between wheat rows provides sufficient space for anhydrous ammonia 
application, reducing wheat damage from application.  
Soybeans are planted in 30 inch rows using a White row crop planter (AGCO 
Corporation, Duluth GA). Soybean varieties are non-GMO to gain a market premium price, thus 
hopefully improving profit. Drew selects full-season varieties to compensate for the early season 
competition between the soybeans and wheat. Drew noted that, “selecting a longer season 
soybean variety will allow the soybeans to receive more heat units and radiation without the 
competition between wheat.” Typically, soybeans are planted when wheat growth has achieved 6 
to 8 inches in height. This timing usually coincides with typical soybean planting dates.  
“Herbicide use needs to be planned out ahead of time in order for the relay system to 
work,” says Drew. Drew worked with his agronomist to find an herbicide that is labeled for both 
soybeans and wheat. ZiduaÒ herbicide, manufactured by BASF, was labeled for soybeans and 
wheat, a perfect match for Drew’s system. Drew applied Zidua as a post-plant herbicide pass for 
effective weed control.  
Over the past three years Drew has made observations on soybean and wheat growth 
throughout the growing season. Unlike Mitchell’s system, there is more space between soybean 
and wheat plants, allowing soybeans to grow and develop with closer to normal plant-plant 
competition. Soybeans in Drew’s system however often reach the same height as most wheat 
heads, leading to a potential problem of clipping soybean leaves, stems, and growing points 
during wheat harvest, which could reduce soybean yield and wheat grain quality, as well as 
damage internal combine parts. In their first year of relay cropping, the Dietzs decided to make a 
careful attempt at harvesting their wheat in order to reduce soybean clipping; their results were 
disappointing. While wheat yields were good, close to 50 bu per ac, their soybean crop suffered. 
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Clipping of the soybean growing points hindered soybean growth and resulted in shorter 
soybeans with fewer pods compared to their conventional soybean fields. To combat this 
problem Drew and Dan invested in a relay intercropping harvest aid named the Flexxifinger 
(Flexxifinger QD Industries Inc. Assiniboia, SK, Canada) (Image 4). The flexxifingers are plastic 
“shoes” that are bolted onto the combine header and push the soybeans down below the wheat 
heads with minimal damage during the harvest operation. 
 
Image 5.4. Flexxifinger soybean shoes on the Dietz combine header. The flexxifingers push the 
soybean plants down and under the cutting bar to reduce soybean damage and wheat loss.  
 
Wheat was harvested in mid-July when wheat kernel moisture reached around 16 percent 
(Image 5.5). Harvesting at lower grain moisture concentrations aids in germination of the wheat 
seed for next year. Wheat yields averaged 45 bu per ac. However, Drew thinks that yields should 
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have been higher. Cooler temperatures and early summer precipitation events resulted in higher 
than normal disease incidence and severity to the Dietz wheat crop. Drew thinks a fungicide 
application, maybe during his post-soybean plant herbicide pass, would have resulted in better 
prevention and control of Fusarium head blight throughout the summer.  
 
Image 5.5. Drew harvesting the winter wheat in his relay intercropping system in mid-July.  
 
Drew and Dan have used several markets for their intercropped wheat crop the past three 
years. In their first year of relay intercropping, Drew and Dan contracted their wheat as food 
grade with Grain Millers Inc. in St. Ansgar, Iowa, about 50 miles from their farm; Grain Millers 
Inc. mills wheat flour to be used for cookie and cake bakeries. Two years ago, the Dietzs set up a 
seed cleaning facility to clean their wheat and rye crops. After cleaning their seed, Drew and Dan 
ship their seed to a local cover crop provider. Local farmers found interest in the Dietz seed 
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cleaning facility and asked if Drew would be willing to clean their seed. What started as a small 
operation to clean their cover crop seed has evolved into a business of providing seed cleaning 
services to other local cover crop producers. If all else fails, the Dietzs can resort to feeding their 
Holstein feeders with the wheat produced in the system.  
Drew and Dan are always considering ways to improve their relay system. The two of 
them plan on experimenting with different seeding and N fertilizer rates, cultivar selection, and 
fungicide applications to continue learning about and improving yields and profit in their winter 
wheat-soybean relay intercropping system.  
Decision: Should Joe Implement a Relay Intercropping System? 
After learning about Mitchell’s and Drew’s operations, Joe has become very excited in 
the possibility of implementing a relay intercropping system on his own farm. Both Mitchell and 
Drew have had success in improving their operations financially and environmentally by 
reducing inputs, diversifying risks and markets, and intensifying their management practices. Joe 
has noted that this system could increase diversity, improve his weed management, and increase 
his bottom line. However, Joe is still concerned about implementing the new system and whether 
it would be too complicated. Assume you are Joe’s agronomist, what actions should Joe and you 
take to assess whether Joe is a good candidate to try relay intercropping? 
Teaching Note 
Case Objective 
This case should be used to teach students about alternative cropping systems, enhancing 
agronomic, environmental, and financial sustainability, and farm management decision-making. 
This case emphasizes problem solving skills, collecting information, and assessing situations to 
make a sound farm management decision to help reach a producer’s goals. Students should be 
able to assess Joe’s situation, collect information from real-world examples, and conduct an 
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analysis on what Joe and his agronomist would need to consider in implementing a relay 
intercropping system.  
Use of the Case 
Discussion Questions 
1. What are the benefits of a relay intercropping system? Why would a farmer try this 
cropping system? 
2. What characteristics and mindset should a farmer possess in trying an alternative 
production system? What do most sustainable farmers have in common? 
3. What inputs, machinery, labor availability, market potential, etc. are needed in order to 
implement a relay intercropping system? Compare the differences between a traditional 
soybean enterprise budget and a relay intercropping enterprise budget. What stays the 
same, what changes? 
4. As Joe’s agronomist, what questions do you have for him? What other information would 
you wish to collect from Joe, Mitchell, or Drew? 
5. What factors make Joe a good candidate for implementing this type of system, what 
factors do not? Identify the strengths, weaknesses, opportunities, and threats that Joe 
either possesses or would need to address before making this management decision. 
6. What management options are available to Joe? What are the pros and cons to each 
option? 
Teaching Aids 
 Attached to this document is information and supporting materials to assist the instructor 
in providing more information to students and answering student questions. Provided materials 
include:  
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• Exhibits on Joe’s selected field, ‘Wilson Bottom’ (Exhibits 1-4); 
• Wall Street Journal article link. Retrieved from: https://www.wsj.com/articles/how-to-
get-rid-of-carbon-emissions-pay-farmers-to-bury-them-11568211869 
• An example soybean enterprise budget provided by Iowa State University Extension 
(Exhibit 6), this Excel sheet provides prices, input rates, and common production 
variables for the state of Iowa in 2019; 
• Joe Herrick’s soybean enterprise budget (Exhibit 5); Joe’s budget is slightly different 
from those of Iowa State Extension and Outreach conventional soybean enterprise 
budget, but provides a more realistic budget relative to the case study; 
• A relay intercropping enterprise budget built from information pertaining to Mitchell’s 
and Drew’s cropping systems (Exhibit 7); prices, inputs, and other variables do not need 
to be final, and can be modified by the instructor with more up-to-date or relevant 
information; 
• Both a blank and completed partial budget exercise (Exhibits 8-10); the template is 
provided for instructor guidance; 
• A completed SWOT analysis with beginning questions, SWOT table, ranks, and strategy 
from the author’s perspective. 
Author’s Analysis and Interpretation 
 A multitude of benefits are associated with diversifying cropping systems 
including, but not limited to, improving profit. Joe is a proactive and innovative farmer that 
wants to improve his operation in a sustainable way while increasing his net profit. Joe’s main 
goal is to find a system that reduces his farm’s environmental impact, could potentially be 
transitioned to an organic system, and that diversifies his risks.  
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When comparing enterprise budgets, Joe will need to make a few changes in order to 
correctly implement a relay intercropping system. First, Joe will need to account for the 
additional inputs; growing an additional crop, winter wheat in this instance, will require 
additional resources for proper implementation. The biggest additional input/resource for the 
relay intercropping system is time, labor, and machinery. Joe is fortunate to have a great group of 
farm employees to spread time and labor over the many activities that are required to 
successfully operate his farm. In this example of a relay intercropping system, labor is increased 
from 1.7 hours per acre to 2.8 hours per acre for the relay intercropping fields (Hora and Dietz 
Enterprise Budgets). This increase in labor is primarily due to the additional trips across the field 
because of the planting and harvesting of the wheat crop. I do not think labor and time is a 
shortcoming in Joe’s operation and could potentially be considered a strength. Joe does own a 
drill, combine, grain cart, and semitruck and trailer(s), so no new machinery will need to be 
purchased. Joe would have to decide if he would want to invest in the flexxifinger combine shoes 
for wheat harvest. The Dietz operation invested in flexxifinger combine shoes to minimize the 
damage occurred to soybean leaves and growing points when harvesting their relay wheat crop. 
Drew has a lot of praise for the additional machinery and thinks that the investment has paid for 
itself. The flexxifinger combine shoes are an additional $5,000 investment, but that cost would 
need to be spread across all acres and over time, the case study partial budget does not include 
the flexxifinger investment. Other inputs to account for are the addition of extra manure, both 
wheat and an increased soybean seed purchases, and a different herbicide plan. Most of Joe’s soil 
test results show that available nutrient levels are in the optimum range. Iowa State University 
Extension recommends that to maintain optimum soil test levels, fertilization rates should meet 
crop nutrient removal levels. The additional manure is needed to meet both wheat and soybean 
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crop removal rates. Because wheat and soybean herbicide chemistries often differ, a new plan 
would need to be created to protect crop safety and successfully manage weed populations. Drew 
Dietz recommended that Zidua herbicide is a great tool for a post-plant weed management tool. 
The cost of weed control decreased from $45.13 to approximately $15 per acre, when comparing 
Joe’s soybean enterprise budget to the proposed relay intercropping enterprise budget.  
Joe and his agronomist will need to find a reliable source of wheat seed and a market for 
his wheat crop. First, Joe will need a market plan for his wheat crop. Below are a few options 
that students and Joe could potentially choose. 
Joe has a few options in marketing his crop including:   
• Storing and using on farm as a feed source for his cow/calf operation. 
• Storing and using on farm as either a cover crop or next year’s relay crop. 
• Marketing to a local feed mill, which would require additional transportation costs and a 
potentially different marketing strategy with his new crop. 
• Selling his wheat crop as cover crop seed. Joe would have to decide if he should invest in 
a seed cleaner, take his crop to be cleaned, or sold as is, which would incur additional 
costs. 
The Practical Farmers of Iowa is an excellent resource for sustainable agriculture 
research results, industry events and news, and business directories. Joe would have the potential 
to access sustainably minded researchers, producers, and businesses, in order to begin to develop 
relationships and networks. I have selected three businesses that I think would be a good starting 
point for Joe. Each business is within close proximity to Joe and would allow him to purchase, 
clean, and sell wheat seed and grain. Source: Practical Farmers of Iowa. [Online] Small Grains 
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Business Directory. 2019. Retrieved from: https://www.practicalfarmers.org/programs/field-
crops/small-grains-business-directory.  
Seed cleaning: CW Farms, Guthrie Center, Iowa. Approximately 30 miles. 
Cover crop seed buyer: Iowa Cover Crop, Jefferson, Iowa. Approximately 60 miles. 
Grain buyer: Feeders Grain and Supply, Corning, Iowa. Approximately 35 miles. 
These businesses are merely a suggestion, but a good start in finding and developing 
relationships for Joe. Different prices, contracts, and people could all influence Joe’s decision-
making process.  
Increased skills in management and agronomic knowledge will be the biggest factor in 
achieving success for the relay intercropping system. Joe has the initiative and general 
excitement in order to make this system work. No growing season, field, or operators are the 
same, and considerations for each will need to be taken. Both Mitchell and Drew outlined what 
possible agronomic factors need to be considered when implementing this system. Joe will need 
account for changes in soybean phenology, scout and manage for different wheat pests and 
diseases, and manage fertility levels for not one, but two crops. Outlined in the SWOT analysis 
answer sheet are what I think are the biggest factors affecting Joe’s operation and his potential 
success in implementing a relay intercropping system.  
My recommendation for Joe is to begin the process of implementing a relay intercropping 
system. To begin, I think it would be in his best interest to try the system on one field. Joe 
selected his “Wilson Bottom” for a potential site for the relay system. The Wilson Bottom field 
is flat, fairly productive, and allows for straight rows across the entire length of the field. After 
creating a partial budget, the relay intercropping system, if managed properly, would increase 
Joe’s profit, possibly reduce weed populations, and improve Joe’s environmental impact. I think 
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Joe’s strengths and opportunities outweigh the negative weaknesses and threats, which would 
hinder success of this system.  
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Images and Exhibits 
Decision Case Study 
SWOT Analysis 
 
Objective:  
Joe Herrick wants to know if implementing a relay intercropping system into his farm 
management plan is feasible. Is Joe and his operation a good candidate for this system? Conduct 
a SWOT analysis to evaluate the Strengths, Weaknesses, Opportunities, and Threats for Joe, in 
order to determine if a relay intercropping system will help Joe meet his goals. Implementation 
for this system should be within one to two years.  
 
Questions: 
 
Internal Factors 
Strengths: 
• What does Joe and his family manage well?  
• What resources and assets does Joe currently have that are applicable to this system? 
• Can Joe adapt to increased management and implement this system quickly? 
• Is Joe currently profitable? 
• What advantages does Herrick Farms have in comparison to other conventional farms? 
What differentiates Joe from other producers? 
• What is the major focus of the farm operation? 
• What strengths (topography, location, productivity, etc.) does the ‘Wilson Bottom’ field 
contain?  
Weaknesses: 
• What does Joe and his family manage poorly? 
• What areas of the farm could be improved? 
• Are Joe’s skills and knowledge fit for this system? 
• What should Joe avoid? 
• What are current limitations (natural resources, time, financial, etc.) for Joe and his 
operation? 
• What weaknesses (topography, location, productivity, etc.) does the ‘Wilson Bottom’ 
field contain?  
 
External Factors 
Opportunities: 
• What trends are occurring in the state and the agricultural industry? 
• Where are good opportunities for improvement? 
• Can a competitive edge or increased product quality be created? 
• Are there new technologies being developed/used? 
• Is there an opportunity for higher prices and increased profit? 
Threats: 
• Have there been significant changes in the industry that might affect the farm? 
• What obstacles and challenges does Joe face? 
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• Are there any government policies affecting the operation? 
• Do competitors threaten the farm? 
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STENGTHS 
• Joe is good at managing a diversified 
operation (corn, soybeans, alfalfa, cattle). (2) 
• Joe’s yields are above the county average 
and he is profitable. (8) 
• Joe is excited about the relay system and is 
conservation minded. (1) 
• Joe owns a drill and has unused grain bins 
for wheat seed storage. (5) 
• Joe’s brother has some experience with 
cover crops. (7) 
• Joe has a large operation and can sacrifice 
land, resources, and money to try new 
systems. (3) 
• Joe is known as an innovative farmer and 
willing to try new things. (4) 
• Selected field is flat, productive, and straight, 
easier to manage relay system. (6) 
WEAKNESSES 
• Joe has some trouble managing weeds and 
conserving topsoil and soil health. (2) 
• Joe could add additional sustainability 
measures. (5) 
• Joe does not have experience growing winter 
wheat or other winter crops. (1) 
• A large operation like Joe’s takes a lot of 
management, time, money, and teamwork. 
(3) 
• River bottom field may be susceptible to 
flooding or ponding. (4) 
 
Ex
te
rn
al
 F
ac
to
rs
 
OPPORTUNITIES 
• There are multiple trends of increasing on-
farm sustainability such as no-till, cover 
crops, extended rotations, and more. (3) 
• Numerous studies have shown benefits of 
relay intercropping systems. (4) 
• Joe could enter a new market with wheat 
crop (cover crop seed, feed market, food 
grade) (2) 
• Opportunity for increased diversification and 
risk aversion. (1) 
• New technologies like GPS, variable rate, 
and soil testing can be adopted. (5) 
THREATS 
• Commodity markets have been poor for the 
last couple years, making profit margins 
tight. (2) 
• Relay intercropping system will require new 
knowledge and management skills. (1) 
• Current trade policies leave uncertainty 
within agricultural industry. (4) 
• Wheat markets (seed purchase, seed cleaning, 
and sales) will require new relationships and 
transport costs. (3) 
• Only a few local producers available for 
guidance. (5) 
 
Rank Answers: 
Factor rankings are identified within the SWOT table in parentheses after each factor. 1 being the most important 
 
Strategy: 
Joe’s operation is a good candidate to try relay intercropping. He is excited about the opportunity and has the 
necessary equipment and external opportunities to implement this system. Joe will need to be conscious about the 
new management skills, grain marketing, and knowledge needed to successfully grow winter wheat and soybeans 
together. 
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Exhibit 5.1 Soil Map information for the ‘Wilson Bottom’ field. (Courtesy of Joe Herrick). 
 
 
 
 
131 
Exhibit 5.2. Constructed yield map of “Wilson Bottom” field 2018 soybean yields. (Courtesy of 
Joe Herrick). 
 
 
 
 
 
Exhibit 5.3A. Image of ‘Wilson Bottom’ field. January 2020. 
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Exhibit 5.3B. Image of ‘Wilson Bottom’ Field. January 2020. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Exhibit 5.3C. Image of ‘Wilson Bottom’ Field. January 2020. 
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Exhibit 5.4. Wilson bottom soil test results 
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Exhibit 5.5. Soybean enterprise budget for Joe Herrick (2019).  
 
Field Name: Wilson Bottom Expected Soybean Yield 65  bu./acre
Acres 80
Total Cost
PREHARVEST MACHINERY Fixed Variable Total All Acres
Planter $4.50 $4.00 $8.50 $680
Pre-Plant Spray $2.20 $2.00 $4.20 $336
Post-Plant Spray $2.20 $2.00 $4.20 $336
Manure Application $0.00 $5.50 $5.50 $440
    Total per acre $8.90 $13.50 $16.90 $1,352
    Total all acres $712 $1,080
INPUTS  
 Seed ----  $50.80 $50.80 $4,064
    cost per unit $50.80  
    number of units 1.0  
Manure ----  $44.00 $44.00 $3,520
    price per ton $44.00  
    tons per acre 1  
  Lime (annual cost) ----  $5.71 $5.71 $457
  Herbicide ----  $45.13 $45.13 $3,610
  Crop insurance ----  $8.80 $8.80 $704
  Miscellaneous ----  $10.00 $10.00 $800
  Interest on preharvest variable costs ----  $7.12 $7.12 $569
    length of period (months) 8   
    interest rate 6.0%                           
      Total ----  $171.56 $171.56 $13,725
 
HARVEST MACHINERY  
Combine $8.40 $4.10 $12.50 $1,000
Grain Cart $6.30 $3.00 $9.30 $744
Haul $2.60 $2.60 $5.20 $416
    Fixed- price per bushel $0.04
    Variable- price per bushel $0.04
Handling $1.30 $1.30 $2.60 $208
    Fixed- price per bushel $0.02
    Variable- price per bushel $0.02
    Total per acre $18.60 $11.00 $29.60 $2,368
    Total all acres $1,488 $880 $2,368 ----  
LABOR
  Operator $24.23 ----  $24.23 $1,938
    Hours 1.7  
    Rate per hour $14.25  
      Total $24.23 $0.00 $24.23 $1,938
 
LAND  
  Cash rent equivalent $223.00 ----  $223.00 $17,840
 
                          
  Per acre $274.73 $196.06 $465.28 $37,223
  Per bushel $4.23 $3.02 $7.16 ----  
  All acres $21,978 $15,685 $37,223 ----  
Return per Acre Over Return
Variable Costs All Costs All Acres
GROSS RETURNS
  Expected selling price $8.75 ----  $568.75 $45,500
      Total returns ----  $568.75 $45,500
                          
Net returns $372.69 $103.47 $8,277
NOTES
Joe Herrick Soybean Enterprise Budget
Cost Per Acre
TOTAL FIXED, VARIABLE, AND ALL COSTS
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Exhibit 5.6. Iowa State University Extension and Outreach soybean enterprise budget 
 
 
 
Low-till Herbicide Tolerant Drilled Soybeans Following Corn
Ag Decision Maker -- Iowa State University Extension and Outreach
The	Estimated Costs of Crop Production publication	has	more	information	
on the cost and returns for growing low-till, drilled, herbicide tolerant soybeans following a corn crop.
Enter your input values in shaded cells.
Field Name Expected Yield 56  bu./acre
Example Acres 100
Cost per Acre Total Cost
Preharvest machinery Fixed Variable Total All Acres
Tandem disk $4.60 $3.40 $8.00 $800
Drill $4.50 $4.00 $8.50 $850
Spray $2.20 $2.00 $4.20 $420
Spray $2.20 $2.00 $4.20 $420
Custom hire $0.00 $0.00 $0.00 $0
Other $0.00 $0.00 $0.00 $0
    Total per acre $13.50 $11.40 $24.90 $2,490
    Total all acres $1,350 $1,140 $2,490 ----  
Seed, Chemicals, etc.  
  Seed ----  $58.10 $58.10 $5,810
    cost per unit $50.80  
    number of units 1.1  
  Phosphate ----  $18.90 $18.90 $1,890
    price per pound $0.42  
    pounds per acre 45  
  Potash ----  $26.04 $26.04 $2,604
    price per pound $0.31  
    pounds per acre 84  
  Lime (annual cost) ----  $5.71 $5.71 $571
  Herbicide ----  $45.13 $45.13 $4,513
  Crop insurance ----  $8.80 $8.80 $880
  Miscellaneous ----  $10.00 $10.00 $1,000
  Interest on preharvest variable costs ----  $7.36 $7.36 $736
    length of period (months) 8   
    interest rate 6.0%                           
      Total ----  $180.04 $180.04 $18,004
 
Harvest machinery  
Combine $8.40 $4.10 $12.50 $1,250
Grain Cart $6.30 $3.00 $9.30 $930
Haul $2.44 $2.11 $4.56 $456
    Fixed- price per bushel $0.04
    Variable- price per bushel $0.04
Handling $0.99 $1.08 $2.07 $207
    Fixed- price per bushel $0.02
    Variable- price per bushel $0.02
Custom hire $0.00 $0.00 $0.00 $0
    Total per acre $18.13 $10.30 $28.43 $2,843
    Total all acres $1,813 $1,030 $2,843 ----  
Labor
  Operator $24.23 ----  $24.23 $2,423
    Hours 1.7  
    Rate per hour $14.25  
  Hired ----  $0.00 $0.00 $0
    Hours 0  
    Rate per hour $0.00                           
      Total $24.23 $0.00 $24.23 $2,423
 
Land  
  Cash rent equivalent $223.00 ----  $223.00 $22,300
 
Total Fixed, Variable and All Costs                           
  Per acre $278.86 $201.74 $480.60 $48,060
  Per bushel $4.98 $3.60 $8.58 ----  
  All acres $27,886 $20,174 $48,060 ----  
Return per Acre Over Return
Variable Costs All Costs All Acres
Gross returns
		Expected	selling	price $8.75 ----  $490.00 $49,000
  Government payments ----  $0.00 $0
    Effective LDP rate $0.00 ----  $0.00 $0
      Total returns ----  $490.00 $49,000
                          
Net returns $288.26 $9.40 $940
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Exhibit 5.7. Relay intercropping enterprise budget with highlighted differences from soybean 
enterprise budget 
 
 
Field Name: Wilson Bottom Expected Soybean Yield 50 bu./acre
Expected Wheat Yield 50 bu./acre
Acres 80
Total Cost
PREHARVEST MACHINERY Fixed Variable Total All Acres
Planter $4.50 $4.00 $8.50 $680
Drill $4.50 $4.00 $8.50 $680
Pre-Plant Spray $2.20 $2.00 $4.20 $336
Post-Plant Spray $2.20 $2.00 $4.20 $336
Manure Application $0.00 $5.50 $5.50 $440
    Total per acre $8.90 $13.50 $22.40 $1,792
    Total all acres $712 $1,080
INPUTS  
Soybean Seed ----  $55.88 $55.88 $4,470
    cost per unit $50.80  
    number of units 1.1  
Wheat Seed
    cost per unit $12.00 $14.40 $14.40 $1,152
    number of units 1.2
Manure ----  $88.00 $88.00 $7,040
    price per ton $44.00  
    tons per acre 2  
  Lime (annual cost) ----  $5.71 $5.71 $457
  Herbicide ----  $15.00 $15.00 $1,200
  Crop insurance ----  $0.00 $0.00 $0
  Miscellaneous ----  $10.00 $10.00 $800
  Interest on preharvest variable costs ----  $8.10 $8.10 $648
    length of period (months) 8   
    interest rate 6.0%                           
      Total ----  $171.56 $197.09 $13,725
 
HARVEST MACHINERY  
Combine $8.40 $4.10 $12.50 $1,000
Combine $8.40 $4.10 $12.50 $1,000
Grain Cart $6.30 $3.00 $9.30 $744
Grain Cart $6.30 $3.00 $9.30 $744
Haul $2.60 $2.60 $5.20 $416
    Fixed- price per bushel $0.04
    Variable- price per bushel $0.04
Handling $1.30 $1.30 $2.60 $208
    Fixed- price per bushel $0.02
    Variable- price per bushel $0.02
Wheat Haul and Handle $3.90 $3.90 $7.80 $624
    Total per acre $37.20 $22.00 $59.20 $4,736
    Total all acres $2,976 $1,760 $4,736 ----  
LABOR
  Operator $39.90 ----  $39.90 $3,192
    Hours 2.8  
    Rate per hour $14.25  
      Total $39.90 $0.00 $39.90 $3,192
 
LAND  
  Cash rent equivalent $223.00 ----  $223.00 $17,840
 
TOTAL FIXED, VARIABLE AND ALL COSTS                           
  Per acre $309.00 $207.06 $541.59 $43,327
  Per bushel $3.09 $2.07 $5.42 ----  
  All acres $24,720 $16,565 $43,327 ----  
Return
Variable Costs All Costs All Acres
Gross returns
   Expected soybean selling price $8.75 ----  $437.50 $35,000
   Expected wheat selling price $10.00 $500.00 $40,000
      Total returns ----  $937.50 $75,000
                          
Net returns $628.50 $395.91 $31,673
Joe Herrick Relay Intercropping Enterprise Budget
Cost Per Acre
Return Per Acre
NOTES
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Exhibit 5.8. Relay intercropping system partial budget worksheet 
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Name
Description
of Analysis
Alternative (New) Income Current (Old) Income
$799.00 $748.00
Alternative Income $799.00 Current (Old) Income $748.00
Current (Old) Cost Alternative (New) Cost
$35.70 $15.33
$0.01 $9.57
$42.10
$6.00
$0.03
Current (Old) Cost $35.71 Alternative (New) Cost $73.03
Alternative Income minus Current Cost $834.71 Current Income minus Alternative Cost $821.03
Change in Net Income $13.68
What are the sources of information for the recommendations, costs, and revenues?
What are the assumptions that had to be made?
What are your conclusions and recommendation based on the partial budget?
Enter your input values in shaded cells.
Split applying nitrogen at preplant, planting, and V6 stage using AA as preplant, UAN as starter, and injected at 
sidedress compared to 100% AA a preplant.
Yield revenue, 235 bu/ac @ $3.40/ac Yield revenue, 220 bu/ac @ $3.40/ac
  
 
 
AA, 170 lb/ac @ $420/ton AA, 73 lb/ac @ $420/ton
Fertilizer tax, $0.17/ton UAN, 5 gal/ac @$350/ton
UAN, 22 gal/ac @$350/ton
UAN side dress application, $6/ac
Fertilizer tax, $0.17/ton
 
Exhibit 5.9. Example partial budget worksheet 
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Exhibit 5.10. Blank partial budget worksheet 
Name
Description
of Analysis
Alternative (New) Income Current (Old) Income
Alternative Income $0.00 Current (Old) Income $0.00
Current (Old) Cost Alternative (New) Cost
Current (Old) Cost $0.00 Alternative (New) Cost $0.00
Alternative Income minus Current Cost $0.00 Current Income minus Alternative Cost $0.00
Change in Net Income $0.00
What are the sources of information for the recommendations, costs, and revenues?
What are the assumptions that had to be made?
What are your conclusions and recommendation based on the partial budget?
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CHAPTER 6.    GENERAL CONCLUSION 
This thesis serves as an effort to enhance the environmental and economic sustainability 
of Iowa’s cropping systems. The general objective of the work presented is to further understand 
the suitability and limitations of implementing alternative crops into the Iowa landscape. The 
first objective was to investigate the suitability of interseeding winter canola into a standing 
soybean crop during different stages of soybean leaf senescence to produce sufficient amounts of 
aboveground biomass that enhances environmental sustainability, successfully overwinters, and 
produces profitable yields in Iowa environments. Results suggest that winter survival in canola is 
limited by the amount of accumulated growing degree-days and the development of a five-leaf 
rosette. Mild weather conditions during fall growth that provide winter canola with adequate 
moisture for timely germination, and warm temperatures that supply sufficient heat units for 
above ground biomass production and leaf development are needed. However, the lack of winter 
survival may extend further than the limitation of poor weather conditions during fall growth. 
Interseeding winter canola in Iowa needs further investigation on the effect that the soybean 
canopy has on plant growth and development. The soybean canopy during early seeding 
treatments, coupled with soybean leaf litter may inhibit the light penetration to germinating 
winter canola seedlings; etiolating canola hypocotyls and negatively affecting plant growth and 
development. In this research, it was demonstrated that winter canola interseeded into soybeans 
during the R6 growth stage in early September has the potential to produce 160 kg ha-1 of above 
ground biomass, accumulate 6 kg ha-1 of residual soil nitrogen, and provide 60% canopy cover. 
Results also suggest that seeding past mid-September greatly reduces the amount of above 
ground biomass and nitrogen accumulated. Weather conditions that delay canola germination, 
either by low soil moisture or delaying seeding operations is detrimental to the growth, 
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development, and winter survival of winter canola in Iowa. This study was limited by using only 
one winter canola variety. 
Given this, a collaboration with the National Winter Canola Variety Trial to investigate 
the response of 37 winter canola varieties in Iowa environments was initiated. The objective of 
this study was to determine which varieties were best suited to produce a well-established fall 
stand, survive winter, and produce viable yields. Results show that winter canola, when seeded in 
the first week of September and accumulated sufficient heat units, could develop a robust rosette 
to survive an Iowa winter. However, weather conditions in the early summer decreased yield 
components that subsequently reduced final yields of all winter canola varieties. Further research 
that investigates different management strategies such as nutrient use, weed control, and row 
spacing that measures the effect on yield is needed to further assess winter canola’s suitability in 
Iowa cropping systems.  
The results of the variety trial do conflict with those of the interseeding study. A pre-plant 
tillage pass, fertilizer application, and direct seeding method were all utilized in the variety trial. 
In 2017, all of the variety trial plots survived the winter, whereas zero of the interseeding plots 
survived. These results may suggest that the combination of management factors used in the 
variety trial are required for the success of winter canola in Iowa environments, given adequate 
heat units and mild winters. It is worthy to hypothesize that winter canola may simply be limited 
by the fall growing season constraints of the conventional corn-soybean cropping system in 
Iowa. Corn and soybean harvest in central Iowa typically does not begin until the beginning of 
October. This timeframe greatly reduces the potential to conduct pre-plant tillage and fertilizer 
application along with direct seeding methods of winter canola. A shift in the paradigm of 
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cropping systems that allow for these management practices and an extension of the fall growing 
season may be needed to produce winter canola across the Iowa landscape.  
Enhanced environmental and economic sustainability was not limited to winter canola, 
with the investigation of relay intercropping winter wheat and soybeans. A case study was 
developed for students in higher learning environments to understand the management and 
economic considerations of implementing alternative cropping systems. Producers with relay 
intercropping experience were interviewed to help build the framework of what needs to be 
considered when implementing relay intercropping into Iowa cropping systems. Results indicate 
that relay intercropping can provide significant economic performance while reducing 
environmental harm. Students will be able to collect information gathered from the producers 
and a review of the literature in order to conduct multiple analyses and ultimately provide a 
recommendation to an interested producer. Research of implementing winter wheat into the 
conventional Iowa cropping system through relay intercropping could provide enormous benefits 
to the economic and environmental health of crop production in Iowa. Investigations on optimum 
nitrogen use, row spacing, and other agronomic management factors need to be implemented to 
fully understand the potential of a winter wheat-soybean relay intercropping system. 
 
 
